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In nanoscience, one promising strategy for achieving precise 
placements of nanomaterials and specific recognitions between individual 
build blocks is to use self-ordered templates to arrange them into 
designed pattern. Refined bio-molecules from nature, such as nucleic 
acids, proteins and viruses, have beautiful hierarchical nanostructures and 
precise molecular recognition capabilities, which make them ideal 
templates for fabricating hierarchical nanostructures. One branch of such 
biological templates is filamentous biological macromolecules like spider 
silks, M13 phages, tobacco mosaic virus, etc. The beauty of filamentous 
biological templates is that they can assemble functional nanomaterials 
into one-dimensional, two-dimensional or three-dimensional organizations 
with controlled size, shape, alignment and orientation.  
This thesis presents the synthesis and assembly of nanomaterials 
on individual or self-assembled filamentous biological templates including 
spider dragline silks, bacteriophages and bacterial pili. Specifically, we 
found: (1) Spider dragline silks could induce the nucleation of 
xxi 
 
hydroxyapatite (HAP) crystals with preferred orientation; (2) The 
interactions between microtubule-associated proteins (MAPs) and 
microtubules were studied by biopanning of a phage displayed random 
peptide library against purified tubulins; (3) HAP-binding phages had an 
ability to attract and assemble HAP nanorods into a HAP-phage hybrid for 
bone regeneration; (4) Films made from bacteriophages could serve as a 
scaffold for the controlled growth and differentiation of resident 
mesenchymal stem (MSC) cells; (5) Rodlike bacterial pili particles could 




Chapter 1 Introduction 
1.1. General Background 
Exquisitely designed materials on the nanometer scale have shown 
lots of interesting and unique properties [1-4]. But how to assemble them 
into well-defined structures or integrate them into large-scale devices is 
still a big challenge. One possible solution is called the bottom-up 
approach, which seeks to have nano-scaled building blocks built up into 
functional nanosystems [5-7]. However, the difficulties in achieving the 
precise placements of nanomaterials and the specific recognition between 
individual build blocks have impeded further progress of the usage of 
nanomaterials. Accordingly, significant efforts have been made towards 
the controlled assembly of nanocomponents. One promising strategy is to 
use self-ordered templates to arrange nanomaterials into designed pattern. 
Up to now, a wide variety of ordered nano-scaled templates have been 
successfully employed to build functional nanosystems [8-11]. One branch 
of the templates is refined bio-molecules directly from nature, such as 
nucleic acids, proteins and viruses [12-17]. The combination of functional 
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inorganic nanomaterials with biological molecules has led to many two-
dimensional (2D) or three-dimensional (3D) organizations of 
nanostructures with controlled size, shape, alignment, and orientation.  
In this thesis, we are mainly focused on filamentous biological 
templates which include spider dragline silks, bacteriophages, bacterial pili, 
etc. The inherent 1-D morphologies and elegant nanostructures of these 
filamentous biological templates are designed for biological functions. In 
nanoscience, these features can be exploited to organize nanomaterials. 
The highly ordered functional materials have a lot of unique properties 
which have been or will be applied into practical applications such as high-
performance batteries, sensitive biosensors and biomedical hard tissues. 
For example, recently, a filamentous phage-based lithium-ion battery has 
been fabricated with high performance [18]. The phage/FePO4/SWNT 
cathode showed a capacity of 1C (1C=134 mAh/g) at a high discharge 
rate of 3C which is much better than the best reported record (80 mAh/g at 
3C) (Figure 1.1). Moreover, the capacity retention of this 
phage/FePO4/SWNT cathode upon cycling at 178 mA/g is so stable that, 
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even up to 50 cycles, virtually no capacity fade was observed (Figure 1.1 
d). Filamentous biological macromolecules have also been utilized in 
biosensor area. Liu et al. found that phage-AuNP film exhibiting unique 
humidity-dependent SPR spectra could be used as a phage-based 
humidity sensor by means of a spectrophotometer [19]. This thesis 
describs how to take advantage of spider dragline silks, bacteriophages, 
bacterial pili to assemble functional nanomaterials into 1-D, 2-D or 3-D 
organizations of nanostructures with controlled size, shape, alignment and 
orientation for potential applications. The following three sections are 
about the basic structures, unique properties and related techniques of 




Figure 1.1 The fabrication of lithium ion battery cathodes by using double-
displayed M13 phages. A) A schematic diagram for fabricating lithium ion 
battery cathodes by using double-displayed M13 phages. This battery can 
power a green LED. b and c) The electrochemical performance of phage-
FePO4-SWNT nanocomposite. b) First discharge curves at different rates 
c) The Ragone plot representing rate performance in terms of specific 
power versus energy. d) Capacity retention for 50 cycles at 1C rate. 
Reproduced with permission from reference 18. 
 
1.2. Spider Dragline Silk 
Spider dragline silk is a protein fiber spun by spiders. Dragline silks 
are used for the web's outer rim and spokes and the lifeline. Every single 
spider dragline silk consists of major ampullate spidroins 1 and 2 which 
have a highly repetitive core sequence. This sequence contains 3 
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consensus motifs with iterated tandem repeats which are alanine-rich 
stretches (An or (GA)n), GPGXX (X often representing Q), and GGX (X 
represents A, L, Q or Y) [20]. The molecular structure of spider silk is 
composed of regions of proteins crystals separated by less organized 
protein chains (Figure 1.2) [21]. Hydrogen bonding and hydrophobic 
regions drive the self-assembly of amino acid sequences consisting of 
multiple repeats of A, GA or GAS into beta sheets, which further assemble 
into soft micelles. With increasing protein concentration, micelles 
transform into gel-like states, resulting in liquid crystalline structures. This 
crystalline beta sheets contribute to the high tensile strength of spider 
dragline silks. GPGXX formed beta-turns and GGX based helical 
structures make up of the non-crystalline regions which account for the 
elasticity of silks. The protein nanocrystals are oriented with their c axis 
distributed along the long axis of the silk with a 23° fwhm [22]. Hence, the 
silk protein molecules are well oriented along the silk (Figure 1.2) [16].  
Spider dragline silks are incredibly tough and are stronger by 
weight than steel. Their mechanical properties render them an ideal 
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biomaterial for tissue engineering and other applications. Several groups 
have already treated spider silks as supporting scaffolds to assist the 
growth of resident cells and observed some positive results [23, 24]. On 
the other hand, mineral-coated silk fibers have been readily produced by a 
straightforward approach using nanoparticle suspensions [25]. Such silk-
mineral hybrids that combine the strength and elasticity of naturally 
occurring spider silks with physical properties such as magnetism, 
electrical conductivity, or semiconductivity from nanoparticles might be 
useful as smart structural fabrics in a range of applications. Recently, 
scientists have produced soluble recombinant silk proteins in mammalian 
cells and spun them into recombinant spider silks which exhibited 
toughness and modulus values comparable to those of native dragline 
silks but with lower tenacity [26]. This technique could be used to increase 
the production of high quality silks and broaden their applications in textile 




Figure 1.2  Molecular and crystal structure of spider silks. (a) The spider in 
the corner of a Petri dish and the silks (secreted by this spider and held by 
tweezers) that we used in this experiment. (b) SEM images of spider silk. 
(c) Hierarchical structure of a single strand of silk showing that it is 
assembled from many oriented fibrils. (d) Structure of a spider silk fibril 
showing that the protein nanocrystals are preferentially oriented with their 
c axis distributed along the fiber axis with a 23° fwhm . (e) Unit cell of 
nanocrystalline regions (made of oriented beta sheets) in a fibril, showing 
that the beta sheets are parallel to the c axis. [16] Reproduced with 
permission from reference 16. 
 
1.3. Bacteriophage and Phage Display Technique 
Filamentous bacteriophage (phage), which can specifically infect 
bacteria, has a refined nanostructure, genetically programmable system, 
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and astonishing stability. These properties are all attractive to materials 
scientists. Although the natural function of phage is to store and transport 
genetic materials, it has recently been employed to serve as biotemplate 
for the synthesis and assembly of nanomaterials [13, 14, 19, 27-41]. 
Phage-based nanosystems can be employed in practical applications 
such as lithium ion battery [42], biosensors [19, 43], and bone mimics 
which greatly encouraged scientists to explore more this promising field. 
Among various different biotemplates studied for the synthesis and 
assembly of nanomaterials, filamentous phage has been demonstrated to 
be the most powerful for several reasons. First, a well-established 
technique, called phage display [44], can be used to identify and generate 
phages that can specifically bind to target nanomaterials. The process 
includes several steps: identifying a target-binding peptide from a 
combinatorial phage library, displaying the peptide on the outer surface of 
phage, and then assembling nanomaterials along the side wall of 
engineered phage [10, 32]. Luckily, many targeting peptides against 
various materials have already been identified and are ready to be used. 
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Second, phage is chemically stable in various media (most acid, basic, 
and organic solvents) and thermally stable until 80oC [45]. Third, the mass 
production of identical phage nanofibers from natural factories, bacteria, 
yields phage nanofibers that are extremely monodispersed [45]. Fourth, 
up to 3 different peptides can be displayed on the coat proteins 
simultaneously, making it possible for an individual nanofiber to assemble 
more than one functional nanomaterials (Figure 1.3) [46, 47]. Fifth, 
individual phage nanofibers can self-assemble into ordered structures [28, 
48-51], which could further direct the assembly of nanomaterials.  
1.3.1. Biology 
The phages successfully used in templated nanosynthesis are the 
filamentous M13 phage and fd phage. Wild-type M13 phage is a flexible 
nanofiber of 6.5nm in diameter and 930nm in length (Figure 1.4). A 
circular 6407-base single stranded DNA (ssDNA) genome is packed into a 
protein coat, which is composed of 2700 copies of major coat proteins 
(pVIII) and 5 copies of each minor coat protein (including pIII, pVI, pVII, 
and pIX) (Figure 1.3). 2700 copies of pVIII proteins form the side wall, 
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while 5 copies of pIII and pVI are located at one tip, and 5 copies of pIX 
and pVII at the other tip. The ssDNA genome encodes a total of 11 
proteins including 5 structural coat proteins. In order to understand the 
phage display technology, it is better to know the M13 life cycle: briefly, 
pIII of M13 phage binds to bacteria through the F-pilus and at the same 
time, the ssDNA genome is injected into the bacterial cell. Then thousands 
copies of ssDNA and phage coat proteins are synthesized by the bacterial 
factory. After that, the synthesized ssDNA and coat proteins are 
assembled and secreted simultaneously from cell membrane. Finally, the 
new M13 phages are released from bacterial cells without killing them. 
The fd phage has an almost identical structure and morphology with like 
the M13 phage, with two small differences: the fd phage has about 4000 
copies of major coat protein pVIII instead of the 2700 copies in M13, and 
the Asn of the 12th amino acid of pVIII in M13 is substituted by the Asp in 




Whether a phage can serve as an ideal template is mainly 
determined by its surface chemistry. Because there are a lot more copies 
of pVIII proteins than other 4 coat proteins, pVIII coat proteins dominate 
the outer surface and therefore determine the surface chemistry of the 
phage (Figure 1.3). For a wild-type M13 phage, the amino terminus of 
each pVIII protein is exposed to the surface with the first four to five 
residues (AEGDD) extending away from the phage. So it can be easily 
figured out that on the phage surface there are 2700 copies of Glu and 
5400 copies of Asp which both have carboxyl groups leading to a 
negatively charged surface. The experimental isoelectric point (IP) value 
of 4.2 also confirmed the negative phage surface charge. For chemical 
modification, surface carboxyl groups and amino groups (7th residue is 
Lys) are able to interact with other molecules in mild conditions [44, 52]. 
1.3.3. Phage Display 
The beauty of using phage as a template is that one can change 
their surface chemistry easily by controlling the biology. This well 
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established biological technique is called phage display. The principle is: 
by inserting DNA encoding foreign peptides into the N terminal genes of 
coat proteins, the peptides can be fused onto the outer surface of the 
phage either at the tips (pIII or pIX display) or along the length (pVIII 
display) (Figure 1.3). Briefly, through genetic engineering, designed 
peptides can be site-specifically displayed at the tip and/or along the side-
wall of a phage. Although single display, either pIII display or pVIII display 
is mostly preferred and used, double or triple display of different peptides 
on a single phage fiber can also be achieved (Figure 1.3). Therefore, by 
phage display technique, the surface chemistry of a filamentous phage 






Figure 1.3   The structure of a filamentous phage (M13 or fd) and its 
genetically engineered fashion. A ssDNA is backed into a protein coat 
which is composed of thousands copies of major coat proteins (pVIII) and 
5 copies of each minor coat proteins (including pIII, pVI, pVII, and pIX). 
Single, double or triple display of different peptides on the surface of a 
single phage fiber could be achieved, leading to the site-specifical 
modification of the phage surface. The foreign peptides fused to the coat 





Figure 1.4   Transmission electron microscopy (TEM) image of M13 
phages stained by 1% uranyl acetate. 
 
1.3.4. Liquid Crystalline Behavior 
Not only the controllable surface chemistry of phage is attractive, its 
unique physical properties are also interesting. The most attractive one is 
that filamentous phages with certain concentration can form liquid crystal 
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structure [48]. With increasing concentration, filamentous phages exhibit 
the following phase sequence: isotropic, nematic, cholesteric, smectic A 
and smectic C [48]. This ordered phage self-assembling system has been 
used to fabricate highly ordered functional nanoparticle composite [28]. 
1.3.5. Phage Library  
For single peptide display, we can just insert peptide DNA into the 
gene of pIII, for example, resulting in the peptide displayed at one tip of 
outer. Similarly, if we insert randomized DNA sequences into the genes of 
pIII coat protein, a library of billions of M13, or fd, phages can be 
fabricated in which each phage displays a unique foreign peptide at its tip 
(pIII). This tip-displayed library, also called pIII phage library, is the most 
popular one which is commercial available from New England Biolabs. 
Petrenko and Smith et al. [53] developed a new side-wall-displayed phage 
library which is called landscape phage library or pVIII phage library. In 
this library, there are billions of fd-tet phages with each phage displaying 
one unique peptide on the side wall (fused to each of the 4000 copies of 




Either tip-display (pIII) phage library or landscape (pVIII) phage 
library can be used to identify a peptide out of billions of candidates that 
can specifically bind to a target. Targets include inorganic materials 
through a biological evolutionary selection process, called biopanning. 
Figure 3 illustrates the biopanning process by using landscape phage 
library. A landscape phage library is allowed to interact with the 
immobilized target leaving some phages to bind the target, while some do 
not. Nonbinding phages are then washed away followed by the elution of 
binding phages from the target. The eluate containing the target-binding 
phages are amplified by infecting bacteria E. coli forming an enriched 
library. To find the best target binder, the enriched library is treated as a 
new input and allowed to interact with the target again. After 3 rounds of 
selection, enriched phage library containing reduced number of phages is 
sequenced to figure out the specific peptide displayed on the phages that 
survive in the biopanning process. In theory, a specific target will 




Figure 1.5   Procedure of selecting microtubule-binding peptides from 




Biopanning has been successfully applied to the identification of 
peptides that can specifically bind to inorganic materials such as GaAs, 
GaN, Ag, Pt, Au, Pd, Ge, Ti, SiO2, Quartz, CaCO3, ZnS, CdS, Co, TiO2, 
ZnO, CoPt, FePt, BaTiO3, CaMoO4, Hydroxyapatite, C60, and carbon 
nanotube. All the binding peptides, used phage libraries and 
corresponding references are all summarized in Table 1.1. Phages 
displaying these peptides have also been used to template the synthesis 
and assembly of the corresponding materials, forming ordered and 
functional nanosystems. 
Table 1.1  Summary of inorganic-material-binding peptides, used phage 
libraries and corresponding references. 
Libraries Materials Sequences 
Referen
ces 
12mer-pIII GaAs AQNPSDNNTHTH [27] 
12mer-pIII GaN SVSVGMKPSPRP [54] 
12mer-pIII Ag NPSSLFRYLPSD [55, 56] 
























































12mer-pIII TiO2 RKKRTKNPTHKL [65] 
12mer-pIII ZnO EAHVMHKVAPRP [66] 










































C7C-pIII C60 NMSTVGR [77] 
 
1.4. Bacterial Pilus 
Pilus is a protein fiber on the surface of bacteria. Its main biological 
function is to mediate adherence to host cells. From the point of view of 
nanoscientists, it has a nano-sized scale, a genetically engineerable body, 
and it is also easily produced. These features render it a promising 
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biological template for nanosynthesis. In this work, the type of pilus we 
used is E.coli type 1 pilus. 
1.4.1. Structure 
Type 1 pili have a stiff, rod-like appearance. They cover the 
bacteria body like spines on a hedgehog. Each pilus is about 0.5-2 µm 
long and 7 nm wide with a longitudinal cavity inside (Figure 1.6). 
Structurally, it is helically assembled from more than 3000 copies of 
protein subunit called fimA and a linear tip fibrillum. The fibrillum is formed 
by one copy of the adhesion fimH at the tip and several copies of FimG 
and FimF [78-80]. High resolution TEM images show that helical pili tubes 
are right-handed with a 19.31nm long helical repeat consisting of 27 FimA 
subunits in eight turns (Figure 1.6) [79]. The principle of the association 
between continuous subunits is termed “donor strand complementation”. 
Each subunit possesses an N-termical extension of about 15 residues act 
as a donor strand to complement the fold of the previous subunit (Figure 
1.6c). FimH only has a much longer N-terminal segment instead of a 
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donor strand extension so that it can only be incorporated at the tip of the 
pilus.  
 
Figure 1.6  Structure of type 1 pilus. a) The 3-D reconstruction of the pilus 
[79]. b) Model of the type 1 pilus [81]. c) Schematic beta-sheet topology of 




Type 1 pili are expressed by as many as 80% of all wild-type E.coli 
strains associated with severe infections of the upper urinary tract. Figure 
1.7 represents the assembly of type 1 pili through the chaperone-usher 
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pathway. The periplasmic chaperone FimC binds pilus subunits in 
periplasm which is secreted by the Sec YEG translocon and delivers FimC 
to the transmembrane assembly plateform FimD. FimD recognizes binary 
chaperone-subunit complexes and incorporates subunits into the pilus [78, 
82]. Genetically, the translated nucleotide sequence of the main subunit of 
pilus, FimA, has been determined and contains a 23-residue signal 
peptide and a 158-amino acid processed subunit yielding a relative 
molecular weight of 15706 [83]. When foreign peptide sequences are 
fused into the specific positions of the gene of FimA or FimH, they can be 
displayed on the outer surface or the tip of the protein fiber [82]. This 
finding demonstrated that the surface chemistry of type 1 pilus is tunable 
by varying displayed peptides. Moreover, random peptides have also been 
displayed at the exposed regions of FimH so that this pili based 
expression system can be a powerful tool for epitope mapping or antibody 
engineering [82]. With regard to its biological functions, type 1 pilus can 
not only mediate adherence to host cells, but also internalize into bladder 
epithelial cells [84]. The tip FimH subunit can interact with the surface of 
bladder epithelial cell and cause the cytoskeletal rearrangements, 
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resulting in the internalization of uropathogenic Escherichia coli into 
bladder epithelial cell. 
 
 
Figure 1.7   Overview of type 1 pilus assembly through the chaperone-





There are a lot more copies of FimA than other 4 subunits, FimA 
proteins dominate the outer surface and therefore determine the surface 
chemistry of pili (Figure 1.6). Each FimA consists of 181 amino acids 
including 51 hydrophobic residues, 8 positively charged residues and 10 
negatively charge residues (Table 1.2), showing a high proportion of 
hydrophobic residues and a low proportion of basic amino acids. Piliated 
cells tend to form pellicles at the air-liquid interface of a still culture and will 
adhere to almost any surface. From the 3-D model of FimA, we can see 
the exposed surface of subunits is mainly composed of basic, acidic and 
polar residues. An isoelectric point of 3.9 indicates an anionic surface of 
such protein fibers. For chemical modification, surface carboxyl groups 
and amino groups are able to interact with other molecules in mild 
conditions. 
Table 1.2  Amino acid composition of the type 1 fimbrial protein [83]. 
Amino Acid Amount in protein Amino Acid Amount in protein 
Asp 8 Val 17 
Asn 11 Met 1 
Thr 21 Ile 6 
Ser 14 Leu 15 
25 
 
Glu 3 Tyr 2 
Gln 10 Phe 7 
Pro 2 His 2 
Gly 16 Lys 5 
Ala 36 Arg 3 
Cys 2 Trp 0 
 
1.4.4. Isolation, Purification and Self-Assembly 
Under conditions of limiting oxygen and high cell concentration, pili 
are favored to grow on the surface of bacteria cells. Therefore, a long time 
(24 hours) of incubation of E.coli cells in a sealed flask with a gentle 
shaking can increase piliated cells and number of pili on each cell. Then 
pili were detached from cells by mechanical shearing and purified by 
double PEG-based precipitations. Under the inducing by salts or 
multivalent positive molecules such as polylysine, purified pili can form 
well-aligned paracrystalline bundles or angle-layered lattice [85-87]. These 





Figure 1.8   TEM images of pili bundles and angle-layered lattice  [88]. 
Reproduced with permission from reference 87. 
 
1.5. Bone Regeneration 
Chapter 2, 4 and 5 are related to hydroxyapatite crystals and bone 
related cells. The final goal of this research is to heal bone defect using 
biomaterials-based tissue engineering. A brief introduction about bone 
regeneration is necessary. 
Bone defect is a clinical problem for millions of people all over the 
world. Conventional solutions including autogenous bone graft, allograft 
and xenograft, especially autografts, have long been considered the gold 
standard of the biomaterials for bone repair [89, 90]. However, limitations 
were encountered with their usage, such as the shortage of supply, the 
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risk of donor site morbidity, and the possibility of pathogen transfer and 
graft rejection. To overcome these shortcomings, alternative biomaterials 
including synthetic polymers, alloys, metals, ceramics and biopolymers 
have been developed [91-96]. Among them, hydroxyapatite (HAP), a 
calcium phosphate ceramic, has been considered to be the best due to its 
high biocompatibility, bioactivity, and osteoconductivity. As the main 
inorganic component of natural bone, HAP can bind to natural bone [97], 
stimulate bone regeneration and enable it to be gradually substituted by 
newly formed bone. For a long time, conventional large sized HAP 
ceramics have been incorporated into biomaterial composites. 
Bone is a hierarchically structured composite material, containing 
multiple levels of organization. Bone regeneration by tissue engineering 
method also includes several steps (Figure 1.9). First, hydroxyapatite 
crystals pack with collagen fibers, or their substitutes, to form larger fibers. 
Second, a lot of large composite fibers self-assemble into a scaffold. Third, 
bone cells are grown on the scaffold, and the whole system is implanted 




Figure 1.9     The process of bone regeneration. Reproduced with 






Chapter 2     Oriented Nucleation of Hydroxylapatite Crystals on 
Spider Dragline Silks 
2.1. Introduction 
This work has been published as reference 16. Biomineralization 
has been mimicked for the fabrication of biomaterials [13, 14, 30, 99-104] 
which play an important role in hard tissue (e.g., bone) growth and 
maintenance. Interfacial molecular recognition is the core of this process 
and has strong ties to protein structures [101]. Several mechanisms of 
interfacial molecular recognition have been proposed to explain the 
controlled nucleation and growth of minerals in biomineralization such as 
lattice matching, stereochemistry matching, and electrostatic interaction at 
the protein-inorganic interfaces [101, 103]. The key to lattice and 
stereochemistry matching is the interaction of protein side chains with ions. 
The R-helix motif of a protein has been shown to have a lattice match with 
Ca2+ in the nucleation of hydroxylapatite (HAP, Ca10(PO4)6(OH)2) [105] 
and other crystals [106]. We found that stereochemistry matching due to 
hydrogen bonding between an organic residue and OH- can control the 
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crystal orientation of HAP [103]. Electrostatic attraction between two 
oppositely charged species helps to accumulate ions at the interfaces [105, 
107]. Overall, interfacial molecular recognition leads to local 
supersaturation, followed by the nucleation of crystals with controlled 
structure and orientation. 
The fabrication of artificial bone materials to replace traditional 
bone grafts is becoming a promising area. Bone has a very complicated 
hierarchical structure, but the basic organizational unit is mineralized type 
1 collagen fibrils, formed as a result of the oriented nucleation and growth 
of HAP crystals on the collagen fibrils. HAP crystals are preferentially 
oriented with their c axis parallel to the long axis of collagen molecules 
that have triple helices [108]. Therefore, as a biomimetic strategy, many 
fiberlike organic materials have been used as templates to grow HAP to 
form a mineralized fiber that can be used as a building block for bone 
implant fabrication, such as collagen fibers isolated from animal tissues 
[109], synthetic organic fibers [107], silk fibroin [110], and sequence-
engineered scaffolds [111]. Those templates can grow HAP, but few of 
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them can form HAP crystals with a preferred orientation similar to that in 
natural bone. 
Although other silks such as those from cocoons have been used to 
nucleate HAP [112], there has been no report on using natural spider 
dragline silks for HAP nucleation. Spider dragline silk not only has 
excellent mechanical properties but also is an ideal potential template for 
HAP nucleation because of its semi-crystalline structure and repeated 
sequences (such as (A)n and (GA)n) [110, 113]. Although the structural 
details of spider dragline silk were not as clear as those of type 1 collagen, 
its main secondary structure and repeated amino acid sequences such as 
alpha-helix, beta-sheets, repeated poly A motifs, and GPGX motifs are 
already known [113]. Spider dragline silk can be pictured as the oriented 
organization of protein nanocrystals (<10 nm, made of oriented β sheets) 
along the long axis with their spacing filled by amorphous protein domains 
(Figure 1.2) [22, 114, 115]. The protein nanocrystals are oriented with their 
c axis distributed along the long axis of the silk with a 23° fwhm (Figure 
1.2d) [22]. Hence, the silk protein molecules are well oriented along the 
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silk. It was also found that beta-sheets, which also exist in the spider silk 
protein nanocrystals, tend to absorb Ca2+ ions [112, 116-118]. These facts 
indicate that spider dragline silk may bind Ca2+ from a HAP precursor 
solution and organize ions into an ordered array that favor HAP nucleation. 
Therefore, spider silk is a potential template for the controlled nucleation 
of HAP crystals from solution. 
In this work, we allowed natural spider dragline silks to interact with 
a HAP precursor solution and found that HAP crystals grew on the silks 
consistently with their c axis preferentially oriented at an average angle of 
72.9° with respect to the long axis of the spider silk at  different times. We 
believe that the structure of spider silk is the key factor in the oriented 
nucleation of HAP crystals. 
2.2. Materials and Experiments 
2.2.1. Mineralization of Silks from HAP Precursor Solution. 
The spider dragline silks were secreted by the daddy longlegs 
spider. They were collected, washed with water, and then incubated in a 
supersaturated HAP solution (pH 7.01), which was prepared by following a 
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reported procedure [119], at room temperature for different times. 
Specifically, 50mM hydroxyapatite crystals were dissolved in 100mM HCl 
and diluted by NaCl solution to a working solution with 4mM of 
hydroxyapatite and 200mM of NaCl. After that, KOH was used to adjust 
the pH of the final solution to 7.01. Our previous work successfully 
demonstrated that this solution can serve as a mineralization solution to 
nucleate and grow HAP on functionalized organic templates. 
2.2.2. Microscopy Characterization of Mineralized Silks. 
After different incubation times (1 hour, 4 hours, 16 hours and 10 
days), silks were taken out of the solution, washed, dried, and transferred 
to a carbon supporting film for transmission electron microscopy (TEM) 
characterization and to a mica surface for scanning electron microscopy 
(SEM) characterization. The TEM is a JEOL 2000-FX intermediate voltage 
(200 000 V) scanning transmission research electron microscope, and the 
SEM is a JEOL JSM-880 high-resolution scanning electron microscope. 
Selected area electron diffraction (ED) was performed on different 
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mineralized spider silks and on different sections of an individual 
mineralized spider silk in the TEM. 
2.2.3. Fourier Transform Infrared Spectroscopy (FTIR) Analysis. 
To understand the mechanism of nucleation, FTIR analysis was 
performed on three samples: synthesized HAP crystals, spider silks, and 
HAP-coated spider silks. Both mineralized and nonmineralized spider silks 
were heated in an oven at 50 °C for 2 days to remove  the adsorbed water. 
The synthesized HAP crystals were powders purchased from Sigma-
Aldrich and were held at 150 °C for 12 h to increase t he crystallinity and 
remove adsorbed water. Then three samples were mixed with KBr crystals, 
finely grounded and processed into homogenous and transparent sample-
KBr pellets. They were then analyzed on a Nexus FTIR spectrometer from 
Nicolet.  
2.2.4. Energy-Disepersive X-ray Spectroscopy (EDS). 
EDS is an analytical technique used for the elemental analysis or 
chemical characterization of a sample. In principle, an atom within the 
sample contains ground state electrons in discrete energy levels. The 
35 
 
incident beam may excite an electron, kicking it out from the shell while 
creating an electron hole where the electron was. An electron from an 
outer, higher-energy shell then fills the hole, and releases the energy 
between the higher-energy shell and the lower energy shell in the form of 
an X-ray. The energy of the X-rays are characteristic of the difference in 
energy between the two shells, and of the atomic structure of the element 
from which they were emitted, this allows the elemental composition of the 
specimen to be measured. 
To determine if the spider silks could bind Ca2+ from the HAP 
solution, the spider silks were washed and incubated in a 4mM CaCl2 
solution, which has the same concentration of Ca2+ as the supersaturated 
HAP solution (pH 7.01), for 1 day at room temperature. After incubation, 
the spider silks were washed and dried with filter paper. Then they were 
transferred onto a TEM grid and observed on the JEOL 2000-FX 
intermediate voltage (200 kV) scanning transmission research electron 
microscope. An EDS detector was used to analyze the elements 
presenting in the spider dragline silks to identify if spider silks can attract 
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calcium ions from supersaturated HAP solution by electrostatic 
interactions. 
2.2.5. CdS Nucleation on Silks. 
The spider silks were incubated in 100ml 100mM CdCl2 solution at 
room temperature for one night. Then 10ml 1M Na2S2O3 was added to the 
solution to induce the nucleation of CdS crystals on silk surface. After 12 
hours, the spider silks were transferred onto an amorphous carbon 
supporting film for TEM and ED characterization.  
2.2.6. Au Nucleation on Silks. 
The spider silks were incubated in 100ml HAuCl4 (0.2%) solution at 
room temperature for one night. Then 3ml 0.1mg/ml NaBH4was added to 
the solution to induce the reduction of HAuCl4 into Au on silk surface. After 
12 hours, the spider silks were transferred onto an amorphous carbon 
supporting film for TEM and ED characterization. 
2.3. Results 
The spider dragline silks were incubated in the supersaturated HAP 
(pH 7.01) solution at room temperature for different times (1 hour, 4 hours, 
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16 hours and 10 days). After 10 days, the pH value of the solution 
dropped to 6.59. This result is consistent with the fact that OH- ions are 
transferred from the solution to the lattice of HAP crystals grown on the 
silks (Figures 2.1 and 2.2). Crystallization of HAP from the precursor 
solution used in this study can be summarized by the following equation  
10Ca2+ + 6PO4
3- + 2OH- = Ca10(PO4)6(OH)2 
which indicates that the reduction of pH value serve as an effective 
indicator of the process of HAP crystal nucleation and growth on the 
spider silks from the mineralization solution [102-104]. It also indicates that 
with the reduction of pH, OH- ions are being transferred from the solution 
phase to the lattice of mineral phase. Electron diffraction (ED) patterns 
(Figure 2.1) of the crystals on the silks show that those crystals are HAP. 
Surprisingly, among all of the mineralized silks that we studied, the ED 
patterns show that the diffraction spots from the (002) plane of HAP do not 
form a ring that is a characteristics of the electron diffraction pattern from a 
randomly oriented crystalline HAP sample. Instead, the diffraction spots 
from the (002) plane of HAP on the spider silks form a very short arc, 
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indicating that HAP crystals were nucleated on the spider silks with a c-
axis preferred orientation. In the ED patterns shown in Figure 2.1, the 
heads of the double-headed black arrows indicate the (002) diffraction 
spots. Therefore, the double-headed black arrows represent the c-axis 
orientation of the spider silks from which the corresponding patterns were 
taken. We then measured the angles between the c-axis orientation 
derived from the ED patterns and the long axis of the corresponding silks 
derived from the TEM images. We found that the angle between the c axis 
of HAP crystals and the long axis of the silks ranges from 69.9 to 78.4° 
(Table 2.1 and Figure 2.1). The average angle at each time point in Table 
2.1 is calculated from the orientation angles of multiple spider dragline 
silks studied under TEM. These results indicate that the HAP crystals 
have a similar preferred orientation at different incubation times and on 
different silk samples, indicating that the oriented nucleation of HAP on 
silks is directly related to the oriented structure of silks used in this study. 
The variation of the average angles between the c axis of HAP and the 
long axis of the template in Table 2.1 is probably due to the distribution of 
the orientation of the c axis of the protein nanocrystals in the skin area of 
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the silks with respect to the long axis of the silks [22]. Moreover, ED 
patterns taken from different sections of an individual silk are similar, 
indicating that the preferred orientation of HAP along one strand of silk is 
uniform (Figure 2.1d). 
 
Figure 2.1   TEM images and ED patterns of HAP on the spider silk. (a) 
spider silk without HAP, (b) after 1 h of incubation, (c) after 4 h of 
incubation, (d) after 16 h of incubation, (e) after 10 days of incubation, and 
(f) calculated angles between the long axis of a strand of silk, the c axis of 
the silk unit cell, and the c axis of HAP. I-V are ED patterns of a-e, 
respectively. Single-headed black arrows on the silks label the positions 
where ED patterns were taken. Double-headed black arrows on the ED 
patterns indicate (002) diffraction spots and thus the c axis of HAP. 





Figure 2.2   SEM Images of HAP on the spider silk. 
(a) spider silk without HAP, (b) after 1 h of incubation, (c) after 4 h of 
incubation, and (d) after 16 h of incubation. Reproduced with permission 
from reference 16. 
 
 
Table 2.1 Summary of Average Angles between the c Axis of HAP and the 
Long Axis of Spider Silk. 
Time 1 h 4 h 16 h 10 days 
Angle 69.6° 73.4° 78.4° 70.2° 
 
2.4. Discussion 
To the best of our knowledge, this is the first report on the oriented 
growth of HAP on natural spider dragline silk, which is analogous to 
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biomineralization. We believe that crystal plane matching, stereochemistry 
matching, and the electrostatic interactions between HAP and silk proteins 
are the three dominant interfacial molecular recognition mechanisms that 
contribute to the oriented nucleation of HAP on the silks here. We found 
that other materials such as Au and CdS crystals could also be nucleated 
on the spider silk, but they did not have a preferred orientation (Figure 2.3).  
This fact prompted us to analyze the mechanism of oriented 
nucleation of HAP on the silks on the basis of the unique features of the 
crystal structure of HAP as follows. Namely, the HAP crystal structure 
(hexagonal, a=b=0.942 nm, c=0.688 nm) has a lattice with its a-b plane 
matching b-c plane of silk protein nanocrystals (Figure 2.4), has Ca2+ ions 
that the β sheets (parallel to c-axis of protein nanocrystals) of the silk 
proteins can preferentially bind to, and has a chain (along c-axis of HAP) 
made of parallel O-H groups that can form directional hydrogen-bonding 




Figure 2.3  TEM image of spider silk coated by CdS crystals and gold 
crystals. The related ED patterns are also provided. Reproduced with 








Figure 2.4   Lattice matching between the a-b plane of HAP and b-c plane 
of nanocrystallin domain of the spider silks, as well as hydrogen bonding 
between them. (a) The unit cell of HAP crystal structure, which belongs to 
a hexagonal crystal system. The highlighted plane (in red) in (a) is the a-b 
plane of HAP shown in (b). (c) Unit cell of nanocrystalline regions that are 
made of oriented β sheets in the spider silk. The highlighted (in black) 
plane in (c) is the b-c plane of silk proteins shown in in (d). (e) 
superimposition of the a-b plane of HAP (in red) and b-c plane of the slik 
protein (in black), indicating that the a-b plane of HAP and b-c plane of 
protein nanocrystals match each other approximately and that OH- 
perpendicular to the a-b plane of HAP can form hydrogen bonding with the 
O in the C=O group (i.e., =O…H-O) of the β sheet of silk protein 
nanocrystals. Reproduced with permission from reference 16. 
 
The protein nanocrystals assembled along the silk are composed of 
β sheets and have an orthogonal unit cell with the following lattice 
constants: a=0.93 nm, b=1.04 nm, c=0.70 nm (Figure 1.2), which are 
corresponding to the distance of β sheets repeat, interchain repeat within 
β sheets (consisting of two chains), and intrachain repeat (consisting of 
one dipeptide), respectively (Figure 2.4c) [22, 115]. Because of the 
preferred orientation of protein nanocrystals along spider silks (Figure 
1.2d), the a-b plane of the protein nanocrystals are almost parallel to the 
cross-section of the silks, and thus is not exposed to the HAP solution, 
whereas the b-c plane of the silk is almost parallel to the silk length and 
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exposed on the silk surface [120], and thus can interact with HAP solution. 
We found that the a-b plane of HAP and b-c plane of protein nanocrystals 
match approximately (only about 7.5% mismatch) and can be bound to 
each other through hydrogen bonding between C=O groups from β sheets 
and H-O groups from HAP (Figure 2.4). 
The hydroxyl group in the HAP nuclei can form hydrogen bonding 
with O in the C=O group (i.e., =O…H-O) of the β sheet of silk protein, 
which is perpendicular to the c-axis of protein nanocrystals in the silk 
(Figure 2.4). In order to verify this hydrogen-bonding, we performed 
Fourier transform infrared (FT-IR) spectroscopy on three samples: 
synthetic HAP crystals, spider silks, and the spider silks with HAP 
nucleated for 1 day on their coats. Figure 2.5 shows the FT-IR spectral 
regions of the three samples where characteristic IR absorption peaks due 
to hydrogen bonding are expected. From the FT-IR data, the peak of O-H 
stretching vibrations in HAP crystals is about 3427cm-1 and relatively 
narrower, which is consistent with the results published by Aaron Posner 
et al. [121]. However, the O-H stretching vibration peak of spider silks after 
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HAP is nucleated on the coats is shifted to about 3347cm-1 and becomes 
broader (Figure 2.5).  This obvious shift of the O-H stretching vibration 
peak is due to the hydrogen bonding between spider silks and HAP 
crystals, which lowers the energy of O-H stretching vibrations in HAP [122]. 
These results confirm the formation of hydrogen bonds (i.e., =O…H-O) 
between HAP and spider silk protein during nucleation. 
 
Figure 2.5  FT-IR spectra of O-H stretching vibrations of synthetic HAP 
crystals (blue), spider silk (purple), and silk/HAP (Red). The O-H peak is 
shifted to smaller wave number and becomes broader due to the 
hydrogen bonding between HAP and spider silks. Reproduced with 




The O…H-O hydrogen bond is characteristic of linearity [123]. The 
directionality (linearity) of the hydrogen bonding indicates that the O-H 
group in HAP nuclei tends to be parallel to the C=O group in the protein at 
the interface (Figure 2.6). Namely, the O-H group in HAP nuclei will tend 
to be perpendicular to the c axis of the protein nanocrystals to satisfy the 
linearity of the hydrogen bonding. In addition, O-H groups have to be 
parallel to the c axis of HAP and organized into a chain along the c axis of 
a HAP crystal lattice, which is determined by the HAP crystal structure 
(Figure 2.4a). This constraint indicates that the orientation of the O-H 
groups of the nuclei will determine that of the c axis of the HAP [118]. 
Therefore, because of the formation of hydrogen bonds between HAP and 
silk proteins at the HAP/silk interface, the c axis of the HAP nuclei will 
have a tendency to be perpendicular to that of the spider silk, suggesting 
that the preferred orientation of the c axis of protein nanocrystals will 
determine that of HAP nucleated on the silk (Figure 2.6). Riekel et al. 
found that the protein nanocrystals of spider silks are preferentially 
oriented with their c axes distributed along the fiber axis with a 23° FWHM 
(Figure 1.2d) [22]. In fact, all of the spider silks have similar 
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nanocrystalline protein domains made of beta sheets. Thus, we use the 23° 
fwhm reported by Riekel et al. to analyze the preferred orientation. A 
simple geometrical measurement reveals that the stereochemistry match 
based on hydrogen bonding will cause the c axis of HAP nuclei to form an 
angle in between 67° and 90° with respect to the long  axis of spider silk 
(Figure 2.1f). This analysis is consistent with our finding that the c axis of 
HAP crystals on the spider silk is always at an angle of 69.9 to 78.4° with 





Figure 2.6  Proposed mechanisms of oriented nucleation of HAP on the 
spider silk, including crystal plane match between a-b plane of HAP and b-
c plane of silk protein, stereochemistry match due to C=O…H-O hydrogen 
bonding and electrostatic interaction at the silk/HAP interface. Please note 
that (1) OH- ions are parallel to c-axis of HAP and organized into a chain 
in HAP, (2) OH- and Ca2+ can constitute an HAP a-b plane (Figure 2.4a), 
and (3) c-axis of silk protein is preferentially oriented along silk length 
direction with a 23o FWHM (Figure 1.2d). Reproduced with permission 




Finally, the nanocrystalline domains of silk proteins that are made 
of oriented beta sheets can preferentially bind to Ca2+ ions, but amorphous 
domains do not. As a matter of fact, most beta sheets of proteins can bind 
to Ca2+ ions. Spider silk proteins have many glutamate amino acids, which 
have carboxyl groups as their side groups. Under our experimental 
conditions (pH between 6.59 and 7.01), these carboxyl groups are 
negatively charged and thus can electrostatically bind to Ca2+. To 
determine if our spider silks can preferentially bind to Ca2+ ions from the 
HAP precursor solution, we conducted an energy-dispersive X-ray 
spectroscopy (EDS) study on the silks with and without being incubated in 
a 4 mM CaCl2 solution, which has the same concentration of Ca
2+ as the 
HAP precursor solution that we used for nucleation on the silks (Figure 
2.7). This measurement can identify if calcium ions were attracted on the 
surface of spider silks. Our data clearly show that there are no obvious Ca 
peaks in untreated spider silks within the EDS detection limit. However, 
after the spider silks were incubated in the 4mM CaCl2 solution, removed 
from the solution, thoroughly washed, and then dried at 80 °C, their ED S 
spectrum (Figure 2.7) shows a strong Ca peak but no Cl peaks, indicating 
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that our silks can preferentially bind to Ca2+ ions from the HAP precursor 
solution. 
 
Figure 2.7  EDS spectra of spider silks (red) and spider silks aged in a 
4mM CaCl2 solution (black). There is an obvious Ca peak but no Cl peaks 
are observed on the latter, indicating the preferential binding of Ca2+ by the 
spider silks. Reproduced with permission from reference 16. 
 
Once the Ca2+ ions are bound to the spider silk, PO4
3- ions will be 
electrostatically attracted to the silk surface. This electrostatic effect, 
together with hydrogen bonding between the silk and OH- ions, leads to an 
increase in the local concentration of HAP at the silk-solution interface 
(Figure 2.6). When the local inorganic ions are supersaturated, the 
hydrogen bond controls the direction of the c axis of HAP nuclei. In the 
meantime, Ca2+ and OH- ions attracted to the silk surface are organized 
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into the a-b plane of HAP (Figure 2.4a), resulting in the oriented nucleation 
of HAP crystals along the silk (Figure 2.6). 
2.5. Conclusion 
The work presented in this chapter demonstrates that HAP crystals 
can be nucleated and grown on the natural spider dragline silk with a 
preferred orientation to form biomineralized silk. The resultant 
biomineralized silk may serve as a building block that can be assembled 
into a larger material that has the potential for application as a bone 
implant and tissue engineering scaffold. Our work also indicates that 
natural spider silk contains protein domains that can nucleate HAP and 
the beta sheets in the silk protein can induce the oriented nucleation of 
HAP crystals. We believe that the oriented growth of HAP is a result of silk 
protein-mediated nucleation dominated by crystal plane matching, 





Chapter 3       Identification of Microtubule-Binding Domains on 
Microtubule-Associated Proteins by Major Coat Phage Display 
Technique 
3.1. Introduction 
This work has been published as reference 179. Microtubule is a 
basic cellular component built by the self-assembly of α, β-tubulin subunits. 
This biopolymer is involved in a variety of cellular processes including 
mitosis, cytokinesis, and vesicular transport. It was found that the 
microtubules are stabilized by several kinds of proteins that bind to 
microtubules and these proteins are collectively called microtubule-
associated proteins (MAPs). The MAPs play important roles in maintaining 
normal functions of the microtubules. Unusual structural changes of MAPs 
may lead to instability of the microtubules and cause diseases such as 
Alzheimer’s disease [124]. Therefore, the study of interactions between 
microtubules and MAPs followed by the design of artificial drugs according 
to the interaction mechanism is a promising strategy to cure the diseases 
caused by abnormal actions of MAPs. 3-D structures of α, β-tubulins and 
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high resolution models of microtubules have already been published [125-
129]. However, most MAPs do not have secondary structures or only have 
limited secondary structures. This fact is an advantage for using phage 
display technique to identify microtubule-binding domains on MAPs 
because the peptides displayed on phage in this work are unlikely to have 
secondary structure and may well mimic the binding properties of the 
protein segments on MAPs. 
There are two main families of MAPs, MAP1 family and MAP2/Tau 
family. The MAP1 family includes MAP1A, MAP1B, and MAP1S, whereas 
the MAP2/Tau family includes MAP2, MAP4, and tau. A lot of work was 
focused on the tau structure and tau-microtubule interaction [130-137], but 
few structural details about MAP1 family proteins have been reported until 
now [138, 139]. Among the MAP1 family, MAP1A, MAP1B, and MAP1S all 
consist of a heavy chain and a light chain [140, 141]. All of the light chains 
can bind to the microtubules by themselves [140, 142, 143]. The heavy 
chain of MAP1A has microtubule-binding domains at 281-336 and 540-
630 [144]. Self-similar region 2 (1307-1606) was proposed as one of the 
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binding domains of MAP1A heavy chain [145]. The heavy chain of MAP1B 
contains a domain (517-848), consisting of 21 repeats of a KKE motif, 
which can bind to the microtubules in vitro [146]. It also has another 
microtubule-binding domain located at one side of the basic repeat 
domain. So far, no microtubule-binding domains on the heavy chain of 
MAP1S have been reported. MAP2, MAP4, and tau proteins in the 
MAP2/tau family are natively unfolded molecules and all have a carboxyl-
terminal microtubule-binding region and an amino-terminal projection 
region of varying sizes. Each microtubule-binding region of MAP2/tau 
family contains a proline-rich motif (PRM), a repeats domain, and a C-
terminal domain (also called C-terminal tail domain). Repeats domain 
includes 3-4 conserved repeats and was reported as one of the 
microtubule-binding domains [147, 148]. Two flanking domains (including 
20-30 amino acids) of the repeats domain are also considered as 
microtubule-binding domains. As for tau, it has been reported that it binds 
to microtubules in two ways: (1) tau binds to the outer surface of 
microtubules that are preassembled and stabilized by taxol [135, 136]; and 
(2) part of tau can bind to the interior wall of the microtubules if tau and 
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tubulin co-assemble in the absence of taxol [134]. It has been found that 
tau and taxol may have a competition or cooperation relationship [133] in 
the process of assembly. In vivo study also showed that taxol could induce 
rapid detachment of tau from the microtubules [137]. 
Phage display technology has matured to be a powerful tool in the 
postgenome era of biology to study protein-protein interaction. Although 
yeast two-hybrid analysis has been established for a long time, the 
successful application of phage display in the study of protein-protein 
interaction demonstrates that phage display is an alternative strategy for 
identifying the protein-ligand interaction sites [149, 150]. The principles of 
phage display have been reviewed elsewhere [44, 52], and the procedure 
we used in this work is summarized in Figure 3.1. In phage display, a 
phage-displayed random peptide library (also called phage library) is 
allowed to interact with a target (e.g., a protein), then the nonbinding 
phages are washed away from the target, leaving the binding phages 
bound to the target. The binding phages are then eluted from the target by 
changing the pH value or using an elution buffer and amplified by infecting 
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bacteria to form an enriched phage-displayed peptide population, which 
can be treated as a new library to interact with the target again. This 
process is called biopanning and usually repeated for several rounds to 
identify the peptides with binding affinity against the target. This is the 
principle of using phage display to identify a target-binding peptide (Figure 
3.1). The most widely used phage library is a tip-displayed library, where 
billions of phage clones are present and a unique peptide is displayed at 
one specific tip (i.e., genetically fused to five copies of minor coat protein 
pIII) of filamentous M13 phage. Petrenko and Smith et al. developed a 
side-wall-displayed library called landscape phage library, where there are 
billions of fd-tet phage clones but each clone has one unique peptide 
displayed on the side wall (i.e., fused to each of the ∼3900 copies of major 





Figure 3.1 Procedure of selecting microtubule-binding peptides from 
landscape phage library (Biopanning). (a) Immobilization of biotin-labeled 
tubulins on a streptavidin-coated Petri dish; (b) some phages bind tubulins, 
while some do not after a landscape phage library is added to the Petri 
dish; (c) nonbinding phages are washed away and the binding phages are 
left on the dish; (d) the microtubule-binding phage is eluted from the dish 
by using an elution buffer; (e) the eluted phage is amplified by infecting 
bacteria E. coli; (f) amplified phage clones are propagated by PEG/NaCl 
precipitation and redissolved in TBS buffer (pH 7.0); (g) part of phage 
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genome (insert-coding region) is amplified by PCR and sequenced; (h) 
illustration of the structure of a single phage particle. Five copies each of 
pIII and pVI are at one tip, five copies each of pVII and pIX are at the other 
tip, and ∼3900 copies of pVIII form a protein shell. A foreign peptide is 
fused to the solvent-exposed end of each of the ∼3900 copies of pVIII 
which constitute the side walls of phage. Reproduced with permission 
from reference 179. 
 
We chose to use landscape phage library instead of the widely 
used tip-displayed phage libraries to identify a peptide that can specifically 
bind to the microtubules for two main reasons: (1) The large periodic array 
of peptides presented on the side wall of the fd-tet phage may mimic the 
repeating units in some MAPs such as tau during the biopanning process; 
(2) Our future plan is to use tubulin-binding phage as a drug to interfere 
with the microtubule dynamics in vivo, so we need as many binding sites 
on the individual phage as possible. In addition, we chose purified tubulins 
instead of entire microtubules as a selection target during biopanning 
because (1) we do not want to exclude the possibility of binding peptides 
that can specifically interact with the inner wall of microtubule; (2) we want 
to explore the possibility of assembling free tubulins along the phage to 
form a microtubule-like nanostructure; and (3) our future plan, where 
tubulin-binding phage will be introduced into cells as a drug to interfere 
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with the microtubule assembly in vivo is based on the interaction between 
phage and free tubulins. 
3.2. Methods and Experiments 
3.2.1.  Materials 
A 9-mer landscape phage library (called f8/9) was constructed and 
provided by Dr. Valery Petrenko at Auburn University and the construction 
details were described in the literature [53]. The landscape phage library 
consists of billions of phage clones with each phage clone displaying a 
unique nine amino acid random peptide on each of the ∼3900 copies of 
the major coat proteins (pVIII). The concentration of phage in our library is 
1.4 × 1011 cfu/mL. Biotinlabeled tubulins from bovine brain were supplied 
in the form of a lyophilized powder from Cytoskeleton Inc. The tubulins 
received have been modified so that random surface lysines contain a 
covalently linked, long-chain biotin derivative. This long-chain biotin 
derivative not only allows the biotin molecules to be spaced far enough 
away from the tubulin protein so as not to interfere with its activity, but also 
enables the immobilization of the tubulins on the streptavidin-coated Petri 
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dish. In addition, the biotin-labeled tubulins can still be assembled into 
microtubules. 
3.2.2. Fixation of Biotin-Labeled Tubulins onto a 35 mm Petri Dish. 
A 35 mm Petri dish was coated with streptavidin by treating the dish 
with 400 µL/mL streptavidin in 0.1 M NaHCO3 for 2 h at room temperature 
with the lid off. The remaining streptavidin solution was aspirated out. The 
Petri dish was then filled with a blocking solution (0.1 M NaHCO3, 5 
mg/mL dialyzed BSA, 0.1 µg/mL streptavidin, 0.02% NaN3) for 2 h at room 
temperature with the lid off. Then the blocking solution was removed from 
the Petri dish and the dish was washed five times with TBS/Tween 
solution (0.5% v/v Tween 20 in TBS solution). The desired amount of 
biotin-labeled tubulins (20 µg at first round, 4 µg at second round, and 0.3 
µg at third round) was dissolved in 400 µL TTDBA (1 mg/mL BSA and 0.02% 
NaN3 in TBS/Tween solution) and added to the Petri dish to react for 3 h 
at 4 °C to allow the immobilization of biotin-label ed tubulins on the Petri 
dish surface. The Petri dish was then washed for five times with 
TBS/Tween to remove unbound tubulins. A total of 400 µL of TTDBA was 
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mixed with 4 µL of 10 mM biotin and the mixture was added to the dish 
followed by rocking for 10 min at 4 °C to block the fr ee biotin-binding sites 
on the streptavidin. 
3.2.3.  Affinity-Selection of Tubulin-Binding Phage Clones. 
The standard biopanning procedure was followed with slight 
modification. The landscape phage library was added to the untreated 
dish for 1 h at 4 °C to remove the phages that specifica lly bound to the 
Petri dish. This process is called depletion. The resultant depleted library 
was then used as an input library and introduced into the tubulin-modified 
dish for affinity selection of tubulin-binding phage clones. The dish was 
rocked for 12 h at 4 °C. It was then washed for ten tim es with TBS/Tween 
solution to remove the unbound phages. The bound phages were eluted 
from the dish with 400 µL of elution buffer (0.1 N HCl, 1 mg/mL BSA, and 
pH adjusted to 2.2 with glycine) for 10 min on a rocker. The eluate was 
transferred to a microtube and neutralized by mixing it with 75 µL of 1 M 
Tris-HCl (pH =9.1) immediately. 
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3.2.4.  Preparation of Starved Cells. 
A fresh loop of E. coli K91 BlueKan cells (anti-kanamycin) was 
inoculated into two tubes containing 2 mL of NZY/Kanamycin (100 µL/mL) 
in each tube. The tubes were incubated in a shaking incubator at 220 rpm 
at 37 °C overnight. A total of 300 µL of overnight cultures were transferred 
into a 300 mL flask containing 20 mL of NZY broth. The flask was 
incubated first at 220 rpm, 37 °C until OD 600=0.45, and then for an 
additional 8 min with gentle shaking (50 rpm). The cells in the sterile tube 
were then centrifuged at 2000 g for 10 min at 4 °C. The supernatant was 
discarded and the cells were gently resuspended in 20 mL of 80 mM NaCl 
solution. The resuspended solution was then gently shaken at 50 rpm for 
45 min, followed by centrifugation as above. The cell pellet was 
resuspended in 1 mL cold NAP buffer (80 mM NaCl, 50 mM NH4H2PO4, 
pH = 7.0) and stored in a refrigerator. 
3.2.5.  Amplification of Eluates. 
The entire first-round eluate (475 µL) was concentrated to reach a 
final volume of 100 µL by using a Centricon 50-KDa Ultrafilter (Amicon). A 
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total of 100 µL of the concentrated eluate was mixed with 100 µL of the 
starved cells and incubated for 15 min at room temperature. Because 
phage gene contains anti-tetracycline part, so tetracycline can be used to 
kill un-infected E.coli cells. The phage-infected cells were transferred to 40 
mL of NZY with tetracycline (0.2 µg/ml) in a 125 mL flask and incubated 
for 45 min at 37 °C with shaking. The tetracycline concen tration was 
increased to 20 µg/mL and the flask continued to be shaken at 37 °C for 
24 h. 
3.2.6. Purification of Amplified Phages by Using Double PEG 
Precipitation. 
The cell culture was centrifuged at 3000 g for 10 min at 4 °C. The 
supernatant was poured into another fresh tube and centrifuged again at 
12000 g for 10 min at 4 °C. The supernatant was poure d into a fresh tube, 
to which 6 mL of PEG/NaCl solution (100 g PEG 8000, 116.9 g NaCl, and 
475 mL water) was then added. The tube was kept at 4 °C overnight for 
precipitation. The precipitated phages were collected by centrifuging at 
31000 g for 15 min and the supernatant was removed. The pellet was 
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dissolved in 1 mL of TBS in a microcentrifuge tube and centrifuged again 
at 12000 g for 2 min to remove any undissolved material. A total of 150 µL 
of PEG/NaCl solution was added to the supernatant and kept on ice 
overnight. The tube was then centrifuged at 12000 g at 4 °C for 10 min 
and the supernatant was removed. The pellet was dissolved in 200 µL of 
TBS by vortexing. 
3.2.7.  Titering of Phage. 
Serial dilutions (10-2∼10-8 pfu/ml) of phage were prepared by 
diluting phages with TBS/gelatin buffer (0.1 g gelatin in 100 mL TBS 
buffer). A total of 10 µL of starved cells were mixed with 10 µL of each 
dilution in the Eppendorf tubes and incubated for 15 min at room 
temperature. NZY (180 µL) with tetracycline (0.2 µg/mL) was added to 
each tube and the tube was incubated for 45 min at 37 °C. Suspensions 
from the tubes were spread onto NZY plates with tetrtacycline (20 µg/mL). 
The plates were incubated overnight at 37 °C in an in cubator and the 
number of colonies on the plates was counted in the following morning. 
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The titer was calculated by the following formula: titer = N × 100 × dilution 
factor, where N is the number of the colonies on a plate. 
3.2.8.  Second and Third Round of Affinity Selection. 
The purified phage was used as a new input library and the 
selection procedure as the first round was repeated. After the third round 
of selection, the eluted phage was not amplified. Instead, the neutralized 
eluates were titered and 150 colonies were picked up for sequencing to 
determine the tubulin-binding peptides that are fused to the major coat of 
the affinity-selected phage. 
3.2.9.  Sequencing of Selected Phage Colonies. 
Each colony of phage (anti-tetracycline) infected E. coli K91 
BlueKan cells on the plates was inoculated into a tube containing 2 mL of 
NZY/tetracycline (20 µg/mL) and the tube was incubated in the shaking 
incubator at 220 rpm, 37 °C overnight. A total of 1 mL of culture from each 
tube of phage infected K91 BlueKan cells and 30 µL of 830 µM related 
primer (5′ -CAAAGCCTCCGTAGCCGTTG-3′) were sent to MC Laboratory 
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Inc. for sequencing. A total of 1 mL of culture was mixed evenly with 250 
µL of glycerol and stored at -80 °C. 
3.2.10. Interaction between Tubulin-Selected Phage and Free Tubulins 
Characterized by Transmission Electron Microscopy (TEM). 
A total of 20 µL of phage infected E. coli K91 BlueKan cells was 
transferred into a tube with 4 mL of NZY/tetracycline (20 µg/mL), followed 
by shaking overnight at 37 °C. Culture (4 mL) was tran sferred into 1 L of 
NZY/tetracycline (20 µg/mL) in a 2.5 L flask, incubated for 12 h at 37 °C 
with shaking, and purified by double PEG precipitation. Purified phage 
solution (100 µL; OD270 = 0.3) was mixed with 2 µL of 10 mg/mL purified 
tubulin solution, and the mixture was incubated at 4 °C for 12 h. A total of 
5 µL of the mixed solution was placed on the Formvar and carbon coated 
copper grid for 30 s, rinsed by 10 drops of distilled water, stained with 1% 
uranyl acetate twice, and observed under TEM (Zeiss 10). The wild-type 
phage was used as a control. 
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3.3. Results and Discussion 
3.3.1.  Identification of Affinity-Selected Peptides by Biopanning. 
The landscape phage library was incubated with tubulins 
immobilized on the Petri dish to allow retention of tubulin-binding phages 
during washes. Affinity-selected phages were then eluted. The selection 
procedure was repeated for three rounds. Titers of phage were increased 
over three successive rounds of biopanning from 1.9 × 105 cfu/mL (round 
one) to 4.4 × 106 cfu/mL (round two) and to 3.7 × 107 cfu/mL (round three). 
After the third round biopanning of the landscape library, 143 phage 
clones were isolated and sent for sequencing. From these 143 clones, 87 
unique sequences were obtained (Table 3.1). Among them, four 
sequences have the highest frequency: ADTVSGAMV (7), VARVGSPPD 









Table 3.1  Selected peptide sequences and frequency. Reproduced with 





3.3.2.  Global Characterization of Affinity-Selected Peptides. 
Selected peptides were analyzed by using the receptor ligand 
contacts (RELIC) suite of programs, which is a bioinformatics tool for 
combinatorial peptide analysis and identification of protein-ligand 
interaction sites [153]. RELIC can evaluate the statistical properties of a 
collection of peptides and has been shown to be particularly suitable for 
analyzing the peptide populations affinity-selected by phage display [153]. 
It can be used to identify most likely protein-ligand interaction sites on the 
basis of affinity-selected peptides. A thorough review of RELIC and its 
principle as well as its application in analyzing peptides affinity-selected by 
phage display can be found in the literature. We used two RELIC 
programs (RELIC/POPDIV and RELIC/INFO) to confirm that our affinity-
selected peptides show tubulin-binding affinity, which resulted from the 
biopanning of landscape phage library against tubulins immobilized on the 
Petri dish. 
The decreasing of the diversity of the sequences obtained from 
iterative rounds of selection is an indicator of affinity selection [149, 154, 
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155]. RELIC/POPVID program uses a statistical sampling method to 
estimate the sequence diversity of a combinatorial peptide library based 
on the sequences obtained from a limited number of randomly sampled 
members of the library. Specifically, for peptides with M amino acids in 
length, diversity (d) is defined as: 
                               d = 1/(20M Πi(∑jp
2
ij)) 
pij is defined as the probability of amino acid j occurring at position i in the 
peptide [154]. Selected peptides with the binding affinity against the 
immobilized target should have a diversity value lower than an equivalent 
number of randomly selected peptides from the initial library. We 
calculated the diversities of both affinity-selected peptides and random 
peptides selected from the initial parent library by using the 
RELIC/POPVID program. Our affinity selected peptides yielded a diversity 
value of 0.001734 ± 0.000808, whereas the 100 randomly selected 
peptides from the initial parent library yielded a diversity value of 0.011612 
± 0.007429. Compared to randomly selected peptides, our affinity-
selected peptides clearly have a less diversified population. This fact is an 
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evidence for the successful selection of peptides with binding affinity 
against immobilized tubulins during the biopanning process according to 
the principle of RELIC/POPVID program [153]. 
The original peptide sequence diversity and distribution pattern 
within a library could be distorted during either rounds of affinity selection 
or broth amplification. In order to make sure that this distortion is from 
affinity selection but not from broth amplification, we need to exclude the 
noise generated by broth amplification. The noise from amplification 
results from the filtering effects of the various life cycle stages of the 
phage vector and has a regular and measurable pattern [155-157]. 
RELIC/INFO program was designed to first calculate the noise pattern and 
then subtract the noise pattern from the affinity caused pattern to obtain 
information content on the basis of information theory. In this program, a 
concept of information content is introduced and defined as -ln(PN), where 
PN is the probability of randomly observing a given peptide and can be 
calculated by multiplying the probability of each amino acid occurring at 
each position within the peptide along the length of the sequence. 
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Therefore, a larger information content (i.e., larger -ln PN) of a peptide, 
resulting from a smaller probability of random occurrence of this peptide 
(i.e., smaller PN), indicates a greater chance of observing this peptide in 
the affinity-selected pool due to the specific binding to the target (signal) 
as opposed to positive growth characteristics (noise). Hence, a positive 
shift in the normalized distribution of information content of a collection of 
affinity-selected peptides compared to randomly selected peptides will be 
expected if the selected peptides have binding affinity against the target 
during biopanning and can be used to confirm that the decreasing of 
diversity (i.e., enrichment of selected peptides) is due to affinity binding 
instead of amplification noise. This is the principle of using RELIC/INFO 
program to determine the occurrence of the information content of the 
affinity-selected peptides and thereby confirm the binding affinity of the 
selected peptides after biopanning process in phage display. By using the 
RELIC/INFO program, we obtained the normalized distribution of 
information content for both random peptides selected from the parent 
phage library and the affinity-selected peptides after biopanning (Figure 
3.2). Indeed, the normalized distribution of the information content for our 
 
tubulin-selected peptides is
content in comparison to that for the peptides randomly selected from the 
parent phage library (Figure 3.2). This positive shift of the curve suggests 
that our tubulin-selected peptides result from affinity sel
from amplification noise, namely, the affinity
binding affinity against tubulins 
Figure 3.2  Normalized distribution of information content for two peptide 
populations calculated by using RELIC/INFO program. 
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 positively shifted toward higher information 
ection instead of 






The green curve is corresponding to the peptides randomly selected from 
the parent library, and the red curve is corresponding to the peptides 
affinity-selected from the library through phage display technique, which 
are listed in Table 3.1. A shift toward higher information content (i.e., red 
vs green curve) is observed for the affinity-selected peptides compared to 
the randomly selected peptides. Reproduced with permission from 
reference 179. 
 
For any selected peptide, information content will be considered 
first. High information content indicates a greater chance of observing this 
peptide in the affinity-selected pool due to the specific binding to the target 
(signal) as opposed to positive growth characteristics (noise). Then the 
frequency will be considered. High frequency means high binding affinity. 
These selected peptides have a higher frequency (≥4): ADTVSGAMV (7 
(= frequency), 24.304 (= information content)), VARVGSPPD (7, 24.981), 
VSTPGSPDD (5, 21.377), VAVVGTFPD (5, 22.881), ASYQDLGSS (4, 
24.199), DFVTRSPQD (4, 26.105), AEMVKSSID (4, 23.169), and 
EWDPAPAME (4, 22.030). They all have relatively high information 
content. So we believe that they are from affinity selection and have high 
binding affinity against tubulins (information content of each sequence is 




Table 3.2  The information content of each peptide. 
Peptide Probability (PN) of random sequence Information (-lnPN) 
APTVEADNN 7.3691E-14 30.239 
AFGAQEDNT 2.9845E-12 26.538 
VPAAYIGND 3.3161E-12 26.432 
EHELDPVMA 3.3161E-12 26.432 
DFVTRSPQD 4.5983E-12 26.105 
AITASDSMS 5.3058E-12 25.962 
VNENQLVMD 7.9587E-12 25.557 
GPVEGDADG 1.2970E-11 25.068 
VARVGSPPD 1.4149E-11 24.981 
VLPVGAGTD 1.7686E-11 24.758 
DGVADAASN 2.1124E-11 24.581 
GSLDDITDN 2.1886E-11 24.545 
GDLVQDVTA 2.6264E-11 24.363 
ADTVSGAMV 2.7855E-11 24.304 
ASYQDLGSS 3.0950E-11 24.199 
AFNATASMS 3.0950E-11 24.199 
ANSISFDDD 3.1835E-11 24.170 
EETMNGMPM 3.3702E-11 24.113 
ADGSPDLPA 3.5814E-11 24.053 
VEGQGSVSD 3.7140E-11 24.016 
VTANPDSSA 3.7140E-11 24.016 
ARGGEGTED 4.1783E-11 23.899 
VPQTSLAME 4.2446E-11 23.883 
ENPVLASDS 5.6595E-11 23.595 
VVNQGDPPD 6.1901E-11 23.505 
VSATLEPVD 6.3669E-11 23.477 
GLRGEVEEG 7.0036E-11 23.382 
GMQAGDQDD 7.0036E-11 23.382 
EFNDGSGVD 7.3691E-11 23.331 
DRRDDAVSE 8.0471E-11 23.243 
GGDFAAANG 8.1709E-11 23.228 
EYSAPSADA 8.4892E-11 23.190 
AEMVKSSID 8.6661E-11 23.169 
APNLSISDS 8.8430E-11 23.149 
GDYQSLVED 1.0505E-10 22.977 
VAVVGTFPD 1.1555E-10 22.881 
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VGTDSNDAG 1.2380E-10 22.812 
VTNDPSLDD 1.3264E-10 22.743 
EIGGMGAGG 1.3928E-10 22.695 
AYESGTGSS 1.6507E-10 22.525 
ANRVSEMTE 1.7332E-10 22.476 
DNGSLANGE 1.8393E-10 22.416 
GGTESMTAS 2.0427E-10 22.312 
VNVTDAGID 2.1665E-10 22.253 
AIRDIAGDS 2.4073E-10 22.147 
EWVDPRGED 2.7082E-10 22.030 
VGRDSTLND 2.7855E-10 22.001 
GETLDPSLE 2.9182E-10 21.955 
GSGGAENVS 3.1516E-10 21.878 
AQYETSYPE 3.3702E-10 21.811 
VTMFESNAD 3.4664E-10 21.783 
GSPSEYSSQ 3.6769E-10 21.724 
AEYAFGGTD 3.7914E-10 21.693 
GSDSDLTFD 4.2022E-10 21.590 
DGFADLASD 5.0697E-10 21.403 
VSTPGSPDD 5.1997E-10 21.377 
EWDPAPAME 5.1997E-10 21.377 
ENARSVNDD 5.1997E-10 21.377 
EMERSSSMA 5.1997E-10 21.377 
VFLGDPSVE 5.7302E-10 21.280 
VYQNSESTL 5.7302E-10 21.280 
GATHEVGGD 5.9579E-10 21.241 
AHMSEVEGG 6.4996E-10 21.154 
VLDSVSSPD 6.7914E-10 21.110 
VVRDPGVSG 7.5828E-10 21.000 
EYSSSELPP 7.6403E-10 20.992 
VGDAGHSME 7.9233E-10 20.956 
GMNNASFPD 1.0724E-09 20.653 
GESSGGADD 1.3073E-09 20.455 
EDYPDISVG 1.5599E-09 20.279 
ESGGSGSTE 2.0056E-09 20.027 
ESSTQDFPD 2.0799E-09 19.991 
DEHMEGNAG 2.1030E-09 19.980 
AGSNINLVD 3.6398E-09 19.431 
APDSSAWSD 3.6398E-09 19.431 
VGEGYREES 3.6398E-09 19.431 
AEGGLEHLD 5.8496E-09 18.957 




3.3.3. Identification of Potential Microtubule-Binding Domains on 
MAPs. 
There are two main families of MAPs: MAP1 family and MAP2/tau 
family. MAP1 family proteins are classic MAPs that bind along the 
microtubules. They include three family members, MAP1A, MAP1B, and 
MAP1S. All of the three proteins contain heavy and light chains. The light 
chains of all these three proteins and heavy chains of two proteins 
(MAP1A and MAP1B) can bind to microtubules [139, 140, 142-145, 158]. 
MAP2/tau family is the other classic MAPs family that binds along the 
microtubules. They include three family members, MAP2, tau, and MAP4. 
All of these three proteins contain a projection region and a microtubule-
binding region. The microtubule-binding regions of the MAP2/tau family 
AQDLAVITG 1.0616E-08 18.361 
DGRPSDIPT 1.2881E-08 18.168 
EGGGGLIND 1.6379E-08 17.927 
EAGPIPGDG 2.1232E-08 17.668 
DSGGSGIAS 3.1939E-08 17.259 
DVSGAFMAD 6.3878E-08 16.566 
ASSHFDGSD 7.4312E-08 16.415 
EDISLSMGE 2.5478E-07 15.183 
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proteins all contain a PRM, a repeats domain, and a carboxyl-terminal 
domain. 
Here, we use RELIC/MATCH program to align our affinity-selected 
peptides with MAPs to identify potential microtubule-binding domains. This 
RELIC/MATCH program works as follows. The program works as follows: 
The first selected peptide is lined up against the protein sequence at 
residue 1. Each residue of the protein is given a modified BLOSUM62 
score. The peptide is then realigned with the protein at residue 2. A 
second set of scores is calculated for each of the protein residues. The 
peptide is then realigned at protein residue 3, rescored, and then at 
protein residue 4, etc. until the first peptide sequence is aligned with the 
protein sequence at the C-terminal of the protein. This same process is 
subsequently performed for each peptide in the selected peptides. The 
software programs then tally the cumulative score for each amino acid 
using the alignments above the cut-off value. If there is a significant 
fraction of peptides within the input sequences which exhibit high similarity, 
these peptides will cluster underneath that region of the protein in the 
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alignment output. The cumulative score values for those residues will be 
high [153]. 
We aligned affinity-selected peptides with the whole sequences of 
MAP1A, MAP1B, and MAP1S and plotted similarity score of each amino 
acid versus amino acid position to identify potential microtubule-binding 
domains separately by using the RELIC/MATCH program (Figure 3.3). In 
Figure 3.3, we set a cutoff value of similarity score 15 and identified 
potential microtubule-binding domains on MAP1 family proteins with 
higher similarity scores. Figure 3.3 shows that domains 527-537, 970-990, 
1058-1064,1292-1315,1877-1900,2390-2410,and 2653-2671 on MAP1A, 
discontinuous domains from 830 to 2122 on MAP1B, and domains 682-
697 on MAP1S are potential microtubule-binding domains according to the 
similarity mapping carried out by RELIC/MATCH program. These potential 
microtubule-binding domains are listed in Table 3.3. In Table 3.3, we 
indicate which domains identified in this work are in agreement with the 
microtubule-binding domains reported previously and which ones are 
novel potential microtubulebinding domains identified by this work. How 
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these domains are aligned with MAP1A, MAP1B, and MAP1S are shown 






Figure 3.3  Cumulative similarity score of each amino acid in the 
sequences of proteins of the MAP1 family. (a) MAP1A, (b) MAP1B, and (c) 
MAP1S. The scores are calculated by using RELIC/MATCH program. Red 
line indicates a cutoff value of similarity score to identify potential 
microtubule-binding domains. HC: heavy chain of MAP1 proteins. LC: light 
chain of MAP1 proteins. The amino acid positions associated with the 
peaks with similarity scores above the cutoff value are indicated and the 
corresponding domains are highlighted by red lines. Reproduced with 
permission from reference 179. 
 
 
Figure 3.4   Alignments of selected peptides with MAP1A. Reproduced 




Figure 3.5  Alignments of selected peptides with MAP1B. Reproduced with 





Figure 3.6   Alignments of selected peptides with MAP1S. Reproduced 
with permission from reference 179. 
Similarly, we aligned our affinity-selected peptides with the 
sequences of the microtubule-binding regions of MAP2, tau, and MAP4 
(Figures 3.7, 3.8, and 3.9) and plotted the similarity score of each amino 
acid versus amino acid position to identify potential microtubule-binding 
domains in the microtubule binding regions (Figure 3.10). Domains 1614-
1635 and 1812-1857 on MAP2, domains 218-230 and 429-437 on tau, 
and domains 687-697, 738-769, 870-883, and 985-994 on MAP4 are 
potential microtubule-binding domains with higher similarity scores (Figure 
3.10). The sequences are listed in Table 3.3. How these peptides are 






Figure 3.7  Alignment of our selected peptides with tau. First row is the 
sequence of microtubule binding domains on Tau and peptides below are 
our affinity-selected peptides. Four repeats are highlighted by boxes. 
Identical amino acids are highlighted by red and those with similar 




Figure 3.8  Alignments of selected peptides with MAP2.









Figure 3.9  Alignments of selected peptides with MAP4.
permission from reference 179
Figure 3.10 Cumulative similarity score of each amino 
microtubule-binding regions of the proteins of the MAP2/tau family. (a) 
Tau, (b) MAP2, and (c) MAP4. The scores are calculated by using 
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RELIC/MATCH program. PRM: proline rich motif. R1
repeat 4. Reproduced wi
 
Table 3.3  Potential microtubule
alignment of selected peptides to MAPs sequence.
permission from reference 179.
3.3.4. Comparison of Our Identified D
Domains from Literature.
We aligned our selected peptides with the sequences of the 
microtubule-binding regions of tau (Figure 3.7). From Figure 3.7, 
represents that both KVAVVRTPP at PRM2 and ADEVSASLA at C 
terminal tail of tau match four types of affinity
total of 87 unique sequences. If the frequency of each peptide is 
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considered, KVAVVRTPP has a total of 17 matched peptides out of 143 
sequenced peptides and ADEVSASLA has 13. 224KVAVVRTPP233 has 
one VxxVxxxP sequence that is a close variant of the consensus 
sequences (VxxVGxxPD and VxxxxxPD) found among the three most 
common peptides identified. From the previous literatures, KKVAVVR has 
been reported as a microtubule binding domain [159, 160], while 
ADEVSASLA at the tail has not been reported as a microtubule-binding 
domain yet. For repeats domain, we can only find matches on four 18-mer 
repeats but not on inter-repeat (IR) regions (Figure 3.7). This finding is 
consistent with Butner’s data [161], but against Goode’s data [162], which 
supports that R1-R2 IR binds to microtubules with high affinity. Among 
these four repeats, repeat 1 of tau matched six of the affinity-selected 
peptides, while repeat 2, 3, and 4 only have 4, 3, and 4 matched peptides, 
respectively, while the frequency of each peptide is considered. This 
comparison indicates that repeat 1 has a higher probability of being 
involved in binding to the tubulin targets than other repeats. But it is still 
lower than KVAVVRTPP and ADEVSASLA. This fact confirms that repeat 
1 has relatively higher binding affinity [161]. It is also consistent with the 
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previously reported model that flanking domains have strong binding 
affinity while the interaction between microtubule and repeat domain has 
specificity but relatively weak binding [159, 160]. 
To verify that tubulins can be specifically bound to our selected 
peptides as well as to our identified microtubule-binding domains, we used 
TEM imaging to test the interaction of tubulins and tubulin-selected 
phages, which displayed three tubulin-binding peptides (VARVGSPPD, 
AEMVKSSID, and ADTVSGMV). Each of these three selected peptides 
has a higher frequency (Table 3.1) and matches a separate domain of tau 
(Figure 3.7). VARVGSPPD peptide matches 225KVAVVRTPP233 on 
flanking domains; AEMVKSSID peptide matches 256VKSKIGSTE264 from 
repeat 1 and ADTVSGMV peptide matches 429ADEVSASLA437 on C 
terminal tail. At the same time, phages displaying KSRLQTAPV were 
treated as a control to interact with tubulins. This peptide, also from the 
flanking domain of tau, is not matched by our selected peptides. From the 
TEM images, we can see control phage (i.e., nontubulinbinding phage) is 
separated from each other and most tubulins are not associated with the 
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phage due to the lack of the binding interaction between phages 
displaying KSRLQTAPV and tubulins (Figure 3.11). However, our tubulin-
selected surfaceengineered phage (VARVGSPPD, AEMVKSSID, and 
ADTVSGMV) can bind free tubulins. The tubulin-phage binding interaction 
holds phage together, leading to the formation of bundles and nets 
(Figures 3.11, 3.12, and 3.13). Namely, the tubulins, which bind to the side 
wall of the binding phage, serve as a bridge to cross-link the phages. 
Similar cross-linking between phages by their binding partners was 
recently reported when cationic gold nanoparticles were present in the 
suspension of anionic phages and served as “cross-linking agents” [43]. 
The TEM results directly show that VARVGSPPD, AEMVKSSID, and 
ADTVSGMV are microtubule-binding peptides and indirectly confirmed 
that KKVAVVRTPP, VKSKIGSTE, and ADEVSASLA are microtubule-
binding regions but KSRLQTAPV is not. Therefore, our work confirms the 
previous knowledge that KKVAVVRTPP on tau is a microtubule-binding 
domain [159, 160] and also suggests that VKSKIGSTE and ADEVSASLA 




Figure 3.11  Interaction of tubulin-selected phage and free tubulins verified 
by TEM. Red circles are tubulins and blue lines are phages. Phages 
displaying KSRLQTAPV do no interact with tubulins, leading to the 
random distribution of spatially separated phage and tubulins, while our 
affinity-selected surface-engineered phage (VARVGSPPD) can 
specifically bind tubulins, resulting in the cross-linking of phages and the 






Figure 3.12  Formation of bundles due to the interaction between tubulin-
selected phage (displaying tubulin-binding peptide ADTVSGMV ) and 
tubulins. Reproduced with permission from reference 179. 
 
 
Figure 3.13  Formation of bundles and networks due to the interaction 
between tubulin-selected phage (displaying tubulin-binding peptide 




3.3.5. Comparison of Our Identified Domains with other MAPs with 
Reported Domains from Literature. 
1. MAP1B 
We identified eight potential microtubule-binding domains of 
MAP1B (Table 3.3 and Figure 3.3). Among them, two domains (820-837, 
2276-2288) are located at two microtubule-binding domains reported in 
previous reports [146, 163, 164]. One of them, 2276SSDKVSRVASPKK2288, 
has a pattern (VxxVxxP) that is a close variant of the consensus sequence 
(VxxVGxxxPD) from the most common peptides identified. The other six 
domains are potential new microtubule-binding domains. These six 
domains include three domains 1086-1099, 1285-1296, 1438-1444 on an 
assembly helping domain (998-1440), which is believed to assist 
microtubule assembly [165], two domains 1853-1888, 2020-2039 on a 
hydrophilic region (1866-2071) near the C-terminal containing 12 
imperfect repeats (YSYETXEXTTXXPXX), domain 1756-1767 located 
between assembly helping domain and hydrophilic region on the heavy 




Three microtubule-binding regions have been identified in previous 
work: 281-630 [144], 1250-1600 [145] on the heavy chain, and N terminal 
of light chain [140, 142, 143]. We identified seven potential microtubule-
binding domains from MAP1A listed in Table 3.3 (Figure 3.3). Three of the 
seven domains (527-537, 1292-1315, and 2653-2671) are included within 
those three earlier identified microtubule-binding regions. The other four 
domains we identified are all on the heavy chain, which we believe are 
new microtubule-binding candidates. 
3. MAP1S 
So far, only one microtubule-binding domain has been reported on 
MAP1S and is located at the light chain [140]. Our work did not find any 
microtubule-binding domain on light chain by using RELIC/MATCH 
program. Instead, we found domain 682-697 has a relatively high similarity 
score and contains two positively charged Arginine residues which make it 




We identified six potential microtubule-binding domains from MAP4 
listed in Table 3.3 (Figure 3.10). These domains include two (738-769, 
870-883) from the PRM, two (985-994 and 922-932) from the repeat 
domain, and two (1002-1014 and 1035-1044) from the C terminal tail. It 
was previously reported that repeated region plus proline rich region are 
essential for microtubule binding [148, 166, 167], but the detailed binding 
domains have not been reported yet. Our identified domains are located 
within the general region reported previously, thus provided more specific 
microtubule-binding positions. 
5. MAP2 
We identified three potential microtubule-binding domains from 
MAP2 listed in Table 3.3 (Figure 3.10). One domain (1614-1635) is from 
RPM and the other two (1812-1839 and 1848-1857) are from the C 
terminal tail. This result is different from the former findings that the repeat 
domain and regions from both the PRM and C terminal domain adjacent to 
repeats domain are responsible for the interaction between MAP2 and 
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microtubules [138, 168, 169]. In addition, the Coffey group considered 
repeat 2 contributes to the binding and promotes the nucleation of 
microtubules [170, 171]. Apparently, more work will be needed to further 
study the interaction. 
3.3.6. Advantages and Limitations of Using Landscape Phage Display 
for Identifying Microtubule-Binding Domains. 
Many methods have been used to study the interactions between 
MAPs and microtubules, such as cosedimentation [147], cryo-EM [136], 
fusion protein with fluorescence, gold nanoparticle labeling [134], NMR 
[130, 159], and microtubule binding assay [137, 148, 164]. Besides these 
techniques, cocrystallization and yeast two-hybrid display are also popular 
tools for protein-protein interaction studies. Our work represents the first 
attempt to apply the phage display biopanning method to identify 
microtubule-binding domains on MAPs. The technique mimics antibody-
antigen interaction screen and can be regarded as mimicking the strategy 
of the immune system [172]. Compared with other methods, it has many 
advantages. First, this technique is very universal. Its targets could be 
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proteins, small molecule drugs, inorganic crystals, cells, and tissues. 
Second, interacting proteins of the target are even not needed to study the 
interactions. For new proteins, it is always a good way to predict their 
interacting proteins while other methods mentioned above can only 
passively confirm proposed interacting proteins. Third, the selected 
peptides can provide insight into the minimum composition requirements 
for binding to the targets. The size of phage-display-selected binding 
domains is much smaller than the results from traditional biological 
methods. Fourth, phage display biopanning is not time-consuming and is 
cost-effective. The biopanning just needs several weeks of experiments 
and is supported by bioinformatics software such as RELIC. The selected 
peptides against one target can be used in the study of all target-
interacting proteins. 
In this work, we can align our selected peptides with six kinds of 
MAPs simultaneously by using RELIC and further identified novel potential 
microtubulebinding domains on MAPs. For example, Tau is one of the 
most important MAPs. Some of our affinity-selected peptides confirm the 
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previously reported microtubule-binding domains on tau, such as 
KVAVVRTPP from PRM2, indicating that our biopanning technique is 
suitable for identifying potential novel microtubule-binding domains. 
Moreover, because the peptide sequences identified by phage display are 
generally shorter than the binding domains reported previously, the 
identified binding domains are more specific segments on the MAPs. This 
fact can be considered as an important advantage of using phage display 
technique to identify microtubule-binding domains. On the other hand, 
some domains have not been reported yet, such as ADEVSASLA on the 
C terminal tail of tau. One of the reasons is that our targets are purified 
tubulins instead of preassembled microtubules so that the inner surface of 
microtubules and tubulin-tubulin interaction interfaces could be exposed to 
the phage library. As a result, more potential binding domains are 
identified from our method. Although the large periodic array of peptides 
presented on the side wall of the fd-tet phage may mimic the repeating 
units in tau during the biopanning process, those peptides can’t fold up to 
form loops to bind taxol pocket efficiently. This is perhaps the limitation of 
phage display described in this work. It thus explains why the similarity 
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score of repeat 1-3 of tau is relatively low. However, the phage displaying 
affinity-selected tubulin-binding peptides, which match these repeat 
domains of tau, did bind to tubulins according to our TEM study. 
3.4.   Conclusion 
In summary, biopanning of a phage displayed random peptide 
library (a pVIII library) against the purified tubulins was performed to study 
the interactions between MAPs and microtubules. RELIC was applied to 
align the affinity-selected peptides identified in biopanning with the 
sequences of different MAPs and thus identify the microtubule-binding 
domains of these MAPs. Based on our data, some known microtubule-
binding domains are confirmed and many new domains (Table 3.3) on the 
MAPs are identified, which can play important roles in the binding 




Chapter 4  A Selection of Hydroxyapatite-Binding phage for the 
Fabrication of Bone Regeneration Scaffold 
4.1.   Introduction 
For a long time, conventional large sized HAP ceramics have been 
synthesized and incorporated into designed biomaterial composites. But 
hydroxyapatite presence in natural bone is in the form of nano-sized 
needle-like crystals nucleated and grown on collagen fibrils. With the 
development of nanoscience, nanophase HAP structures have been 
synthesized and characterized, showing more attracting properties. 
Therefore, in our work, we employed needle-like HAP nanorods as the 
main component of the scaffold. 
Bone is a hierarchically structured composite material. The lowest 
level of organization is composed of nanophase HAP crystals along 
collagen fibrils with their c-axis preferentially parallel to the collagen fibrils. 
In order to mimic the structure of nature bone, an organic component that 
substitutes collagen fibrils is needed. Here, fd bacteriophage (also called 
phage) was preferred as this organic bone substitution material. Fd phage 
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is a flexible bio-polymer-fiber with 7 nm in width and 1 µm in length, 
mimicking the morphology of collagen fibrils. For its structure, it has a 
single stranded DNA packed into an outer protein coat composed of 3900 
copies of major coat proteins (pVIII) and 5 copies of minor coat proteins 
(including pIII, pVI, pVII, and pIX) at tips (Figure 4.1j). The protein coat can 
be genetically engineered to display foreign peptides [173] which is known 
as phage display. Based on this technique, several foreign peptides can 
be displayed on the outer surface of one single phage simultaneously, 
making it possible for an individual nanofiber to present both HAP-binding 
peptide and other functional peptide (double display) [46, 47, 174]. Such 
engineered phages can not only assemble with HAP nanorods to form a 
hybrid scaffold but also induce functional peptides into the scaffold for 
multi-purpose applications. Therefore, morphological similarity and 
powerful phage display technique are two main reasons of choosing 
bacteriophages over other organic polymers in this work. 
Herein, we report a selection of HAP-binding peptides/phages 
using landscape phage library and assembly of selected HAP-binding 
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phages with HAP nanorods into a scaffold for promoting MSCs seeding 
and proliferation. Specifically, first, HAP-binding phages were identified 
and selected from a landscape phage library through a biopanning 
process (Figure 4.1abcd). Landscape phage library is a collection of 
phages in which billions of phage clones are present but each clone has 
one unique peptide displayed on the side wall (i.e., fused to each of the 
~3900 copies of pVIII) [175]. And biopanning is a screening process for 
identifying inorganic substrate targeting peptides/phages [12, 27, 176-179] 
from a pre-built phage library. Its principle has been described elsewhere 
[53, 151, 175, 179-182]. Second, identified HAP-binding phages 
assembled with pre-synthesized HAP nanorods to form a HAP-phage 
scaffold in which HAP nanorods were parallel aligned by HAP-binding 
phages (Figure 4.1gh). Third, the viability, adhesion and proliferation of 
MSCs were tested on HAP-phage scaffold (Figure 4.1hi). MSCs are 
multipotent stem cells that can differentiate into osteoblasts, chondrocytes 
and adipocytes. Because of their broader differentiation ability, a 
significant number of studies have been focused on MSCs for their 
potential applications in the repair of bone, fat tissue, cartilage, and more 
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significantly, bone regeneration [183-185]. Therefore, to test if MSCs can 
proliferate on the HAP-phage scaffold is a critical step towards real 
applications. 
 
Figure 4.1  Schematic diagram of developing HAP-phage scaffold for the 
proliferation of mesenchymal stem cells.  
4.2.   Experiments 
4.2.1.   HAP Nanorods Synthesis 
HAP nanorods were synthesized by the hydrothermal method 
reported by Li’s group with slight modifications [186]. In brief, 0.5 g 
octadecylamine, 4 mL linoleic acid and 16 mL ethanol were mixed under 
agitation. 7.5 mL Ca(NO3)2 solution (0.5 g in 7.5 mL water) was then 
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added for ion-exchange process followed by adding 7.5 mL Na3PO4 
solution (0.5 g in 7.5 mL water) for reaction. The system was sealed and 
hydrothermally treated at 90 oC in an oven for more than 10 hours. 
4.2.2.   Surfactant Removal from HAP Nanorods 
50 mL ethanol was added to the mixture after reaction and then the 
solution was centrifuged at 10,000 g for 10 minutes. The supernatant was 
discarded and 400 mL NaOH-ethanol solution (95% ethanol and 5% 10 M 
NaOH in water) was added to suspend HAP nanorods pellet. The 
suspended solution was agitated at 90 oC for 24 hours to remove 
surfactants which were on the surface of nanorods. Then the mixture was 
centrifuged again at 10,000 g for 10 minutes and the pellet was re-
suspended by 40 mL water. Thus surfactant-free HAP nanorods were 
prepared and suspended in water for using. The removing of surfactant 
molecules were confirmed by Raman study. Basically, several drops of 
surfactant-free HAP nanorods in water and surfactant-coated HAP 
nanorods in hexanes were dropped on a glass slide. After the samples 
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were dried, they were analyzed on a confocal raman microscopy. The 
detailed analysis can be found in results part. 
4.2.3.   Solutions and Typical Methods. 
Phosphate buffered saline (PBS) pH 7.0 with different phosphate 
concentrations like 725 mM or 1000 mM . A solution made of 0.1 N HCl 
with glycine and bovine serum albumin (BSA) with pH 2.2 was regarded 
as elution buffer. Tris buffer saline (TBS) and tetracycline stock were 
prepared using the methods reported in the references [187, 188]. 
4.2.4.   Hydroxyapatite Column Preparation 
We prepared the HAP columns using QIAquick spin columns, 
which have a filter disc and an open bottom, from Pierce (product # 
89868). About 5 g of HAP nanorods were placed into a beaker and 
washed 3-4 times by 20 mL of 10 mM phosphate buffer saline (PBS) each 
time. Empty QIAquick columns were weighed and then filled with ~100 µl 
of the HAP suspension in 10mM PBS. The columns were centrifuged at 
10,000 g for one minute to form a layer of HAP on the column filter and 
remove the PBS from the open bottom. The column was reweighed to get 
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the weight of HAP nanorods settled on the column filter. The column was 
washed several times using 200 µl of PBS and centrifuged in order to 
make sure that the HAP loaded in the column was well settled on the filter 
disc.  
4.2.5.   Biopanning: Selection of HAP-Binding Phages 
We adopted a biopanning approach by modifying to the protocol 
[189] and performed a selection under stringent conditions. Here, we 
constructed and used two types of landscape phage libraries f8/8 (2x1011 
cfu/mL) and f8/9 (1.4x1011cfu/mL) landscape phage libraries respectively. 
Eight and nine amino acids were displayed randomly on the major coat 
protein pVIII of vector f8-1 (fd-tet derivative) in f8/8 and f8/9 library, 
respectively. The phage libraries (f8/8 and f8/9) were first diluted to 109 
virions/mL by diluting 25 µl of phage library in 275 µl of 725 mM PBS (the 
total volume is 300 µl). Under such stringent conditions (~ 725 mM), non-
specific and weakly-bound phages will not bind to HAP but high affinity 
phages which have specific interaction with HAP can only bind to HAP 
nanorods. Before the process of selection, we performed depletion step by 
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adding the above mentioned 300 µl phage solution to an empty column 
and the column was incubated at room temperature with rotation, during 
which the phage specific for plastic walls, rubber O-ring and filter will be 
attached and the rest of the unbound phages will be still in the solution. 
These unbound phages (depleted phage) were eluted by centrifuging the 
column at 10,000 g for one minute and collected. The depleted phage 
suspension was then added to the HAP nanorods inside the column and 
allowed to equilibrate with the HAP nanorods by rotating the loaded 
columns for 1 hour at room temperature. Then the HAP column was 
washed extensively for about 20 times with washing buffer (1000 mM 
PBS), and followed by elution buffer pH 2.0, in order to release the HAP-
binding phages off HAP nanorods. The eluates were collected into tubes, 
neutralized with 19 µl of a neutralizing buffer (1 mol/L Tris-HCl, pH 9.1) 
and stored at 4oC until tittering.  The selected HAP-binding phages were 
amplified and propagated. Finally, the specific part of the phage genome 
was subjected to PCR amplification and sequenced to obtain the 
sequences of the HAP-binding peptides. 
110 
 
4.2.6.   Receptor Ligand Contacts (RELIC) 
Selected peptides were analyzed by a bioinformatics tool known as 
receptor ligand contacts (RELIC) [153]. It has a suite of programs for 
combinatorial peptide analysis by evaluating the statistical properties of a 
collection of affinity-selected peptides [153, 179]. RELIC/MOTIF what we 
used is designed for searching for conservative motifs within the peptide 
population. The basic principles and applications were summarized in 
previous report [153, 179]. 
4.2.7.   Specificity Determination of Selected Phages through Binding 
Assay 
We performed binding assay in order to determine the specificity of 
the selected phages and to determine which sequence among the 
selected ones is the best binder for HAP. Binding assay is similar to the 
biopanning procedure mentioned in the previous section. Briefly, the HAP 
columns were prepared as mentioned and loaded with the selected phage 
diluted in high concentrations of PBS (725 mM PBS). Under such stringent 
conditions, non-specific and weakly-bound phages will not bind to HAP but 
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strongly bound phages which have specific interaction with HA can only 
bind to the HAP powder. Then the column was washed first with 750 mM 
PBS for 20 times and then with 1000 mM PBS, followed by an elution 
buffer. The acid eluate was neutralized with 19 µl of 1 mol/L Tris-HCl, 
pH9.1. All the eluates were tittered. 
4.2.8.   Interaction between HAP-Selected Phage and HAP 
Powder/HAP Nanorods and Characterized by Transmission 
Electron Microscopy (TEM) 
A total of 20 µL of selected phage (anti-tetracycline) infected E. coli 
K91 BlueKan cells (anti-kanamycin) was transferred into a tube with 4 mL 
of NZY/tetracycline (20 µg/mL), followed by shaking overnight at 37 °C. 
Contaminated bacteria cells were killed because they are lack of an anti-
tetracycline gene. Culture (4 mL) was transferred into 1 L of 
NZY/tetracycline (20 µg/mL) in a 2.5 L flask, incubated for 12 h at 37 °C 
with shaking, and purified by double PEG precipitation. Purified phage 
solution (100 µL; 1.4×1011 virions/mL) was mixed with 1 mL of HAP 
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powder/HAP nanorods solution (5 mg HAP powder/HAP nanorods in 1 mL 
water), and the mixture was incubated at room temperature for 24 hours. 
4.2.9.   Assembly of Selected Phage and HAP Nanorods into a 
Scaffold 
Fd phage displaying the HAP-binding peptide was amplified and 
purified by PEG purification. The final concentration of phage solution was 
about 4.5×1012 virions/mL. 20 mg HAP nanorods in 100 µL were sonicated 
for 30 minutes, mixed with 500 µL selected fd phage, and then frozen in 
liquid nitrogen immediately. The water in frozen mixture was sublimated in 
a freeze-dryer for 12 hours at -40 °C, forming the p hage – HAP scaffold. 
The scaffold was characterized by scanning electron microscope (SEM) 
and the solubility in water was also tested. 20 mg HAP nanorods in 600 µL 
water, 600 µL of phage solution, and 600 µL of wild type fd phage were 
processed as controls.  
4.2.10.   Sample Preparation for TEM and SEM Characterization 
A total of 10 µL of the mixed HAP nanorods and HAP-binding 
phages was placed on the formvar and carbon coated copper grid for 5 
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minutes, rinsed by 3 drops of distilled water, stained with 0.5% 
phosphotungstic acid (PTA) once, and observed under TEM (Zeiss 10). 
Fabricated HAP-phage scaffold was immobilized on a SEM holder with 
silver paste, sputter-coated with very thin gold and then characterized 
under SEM. 
4.2.11.   Harvest and Isolation of Rat MSCs  
Bone marrow was obtained from femur of fisher 334. MSCs were 
isolated by a modification of methods previously described [190, 191]. 
Briefly, one volume of a bone marrow sample was mixed with two volumes 
of phosphate-buffered saline (PBS), and the mixture was centrifuged at 
1000g for 4 minutes. The supernatant was discarded and the pellet was 
washed two more times with Dulbecco’s Modified Eagle Medium (DMEM; 
GIBCO BRL, Grand Island, NY, USA). After determination of the cell 
viability and number using trypan blue staining following lysis of 
erythrocytes by the addition of 4% acetic acid, 5 × 104/ cm2 nucleated cells 
were plated in T-25 culture flasks in DMEM (low glucose) containing: 
penicillin G 100 U/mL, streptomycin 100 µg/mL, amphotericin B 0.25 
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µg/mL, HEPES 2.4 mg/mL, NaHCO3 3.7 mg/mL, and 10% fetal bovine 
serum (Invitrogen, USA) also termed standard growth medium.). The cells 
were incubated at 37 °C in a humidified atmosphere co ntaining 5% CO2. 
After 3 days of culturing, the nonadherent cells were removed by changing 
the culture media. The adherent cells were grown to 90% confluency to 
obtain samples, here, defined as passage zero (P0) cells. MSCs at P0 
were washed with PBS and detached by incubation with 0.25% trypsin-
EDTA for 2 to 3 min at 37 °C. The complete medium wa s added to 
inactivate the trypsin. The cells were centrifuged at 1000g for 3 min.The 
medium was then removed and the cells resuspended in 2 to 5 ml of 
complete medium. The cells were counted using a hemacytometer and 
plated as P1 in 25-cm
2 flasks at a density of 5×103 cells/cm2. The medium 
was changed every 2 to 3 days and the cells were passaged every 3 to 4 
days. All the cells used for the experiments were P3. 
4.2.12.   Assessment of MSCs Proliferation/Cell Viability 
MSCs were plated at a density of 4×103 cells/well in 96-well plates 
in a standard growth medium for 72h. Measurement of cell viability was 
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done by a 3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyl tetrazolium bromide 
(MTT) assay. MTT was used as an indicator of cell viability as determined 
by its mitochondrial-dependent reduction to formazone. MTT (5 mg/ml, 20 
µl /well, Sigma, USA) was then added to the cell cultures for an additional 
4 h period. The supernatant was then discarded, followed by the addition 
of dimethyl sulfoxide (DMSO, 150 µl/well, Sigma, USA) and agitated for 10 
min to dissolve the crystal completely. The values of OD were measured 
at a 490 nm wavelength on a plate reader (Biotek, USA). 
4.2.13.   SEM Characterization for MSCs 
MSCs were seeded (5×103 cells) on petriplates containing 
coverglass. The morphology of the cells in the presence of scaffolds was 
assessed using scanning electron microscopy. For this, after 2 days of 
seeding the MSCs onto the cell-scaffold complex was washed with PBS to 
remove non-adherent cells and then fixed in 2.5% glutaraldehyde for 1 h 
at room temperature and subsequently washed twice with sodium 
cacodylate buffer (0.1 M, pH 7.4). The cells were fixed in osmium 
tetraoxide solution for one hour, followed by dehydration through a series 
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of graded alcohol solutions and critical point drying. The dried cellular 
constructs were sputter coated with gold and observed under SEM (JEOL 
JSM-880 high resolution scanning electron microscope) at an accelerating 
voltage of 15 kV. 
4.3.   Results 
4.3.1.   HAP Nanorod Synthesis and Surface Modification 
Hydroxyapatite presence in natural bone is in the form of nano-
sized needle like crystals nucleated on collagen fibrils with their c-axis 
parallel to collagen fibrils. In order to mimic this form of HAP in natural 
bone, crystalline HAP nanorods were synthesized via the hydrothermal 
method reported before [186]. The synthesized HAP nanorods had a quite 
uniform size with a width of 10 nm and a length of 150 nm (Figure 4.2a). In 
addition, these HAP nanorods were in crystalline form which could be 
verified by electron diffraction pattern (Figure 4.2a). The inner circle of the 
electron diffraction pattern was corresponding to the (002) plane of HAP 
crystal and the outer circle was corresponding to (211) plane.  
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HAP nanorods synthesized from the hydrothermal method could 
only disperse in non-polar solvents rather than aqueous solutions. It is 
because that these HAP nanorods were all surrounded by a layer of 
surfactant (linoleic acid) [186]. The surface of HAP nanorods coated by 
surfactants could not mimic the surface chemistry and biological functions 
of HAP crystals in natural bone. In order to expose real surfaces of HAP 
nanorods, the surfactant layer was removed through the treatment of 
NaOH-ethanol solution at 90 oC for 24 hours, resulting in surfactant-free 
HAP nanorods. These surfactant-free HAP nanorods could be dispersed 
uniformly in aqueous solution for several days. In addition, the removing of 
surfactants was also verified by comparing raman spectra of surfactant-
free HAP nanorods and surfactant-coated HAP nanorods (Figure 4.2b). 
The spectrum of surfactant-free HAP nanorods (black line) showed only 
typical peaks (V1, V2, V3, and V4 phases of PO4
3-) from HAP crystals 
[192], while that of surfactant-coated HAP nanorods (red line) showed 
both typical peaks from HAP [192] and surfactant molecules (linoleic acid). 
Therefore, we believe that all the surfactants were removed from HAP 
118 
 
nanorods after the treatment of NaOH-ethanol solution, resulting in 
surfactant-free HAP nanorods for further use.  
 
Figure 4.2  Characterizations and surface functionalization of synthesized 
HAP nanorods. (a) TEM and electron diffraction pattern of synthesized 
HAP nanorods. (b) raman spectra of surfactant-free HAP nanorods (black) 
and surfactant-coated HAP nanorods (red). Peak 1: V2 (E) from PO4
3-; 
peak 2: V4 (T2) from PO4
3-; peak 3: V1 (A1) from PO4
3-; peak 4: V3 (T2) from 
PO4
3-; peak 5: in-plane C-H deformation from C-C groups and in-phase 
CH2 twisting motion; peak 6: C-H deformation vibration; peak 7: C-C 
stretching vibration; peak 8: C=C-H stretching vibration. 
 
4.3.2.   Affinity-Selected Peptides 
To determine the HAP-binding phage, two phage libraries were 
allowed to interact with the surfactant-free HAP nanorods. Non-bound and 
weakly bound phages were washed away using high concentration of PBS 
buffer. Strongly bound phages were then eluted out with elution buffer 
(pH=2.2). These eluted phages were allowed to infect starved E. coli K91 
 
BlueKan cells and about one hundred colonies were randomly picked out 
for DNA sequencing (57 from 8
the selected-peptide sequences are listed in Table 4.1.










4.3.3.   Best HAP-Binder Selections 
There were 57 HAP-binding peptides from 8-mer library and 54 
binding peptides from 9-mer library selected from the biopanning process. 
In order to pick out the best HAP-binder from these peptides, the following 
experiments were performed to achieve for this selection: RELIC/MOTIF 
program, phage binding assay, and direct interaction with HAP crystals. 
The first round of selection was performed by RELIC/MOTIF 
program which searches for conservative motifs within the peptide 
population [153]. Most functional motifs within various proteins are highly 
conservative and these motifs can be identified by BLAST, FASTA or 
other bioinformatic tools [193, 194]. In a similar way, conservative motifs 
can also be identified by RELIC/MOTIF program within selected peptides, 
and these motifs may be the target-binding motifs. We performed 
RELIC/MOTIF against the selected peptides (Table 4.1) and found 13 
groups of peptides (20 peptides) sharing conservative motifs (Figure 4.3). 
These 20 peptides selected by the RELIC/MOTIF program were 




Figure 4.3 Shared motifs among selected peptides from biopanning 
landscape phage libraries against HAP powder. Amino acids sharing 
consensus motifs are highlighted (red letters: exactly the same; green 
letters: conservative substitutions). 
 
The selected 20 peptides were further tested in binding assay for 
their relative HAP-binding specificities. In this assay, same amount of 
each phage with selected peptide were respectively allowed to interact 
with HAP nanorods at a harsh condition (0.725 M PBS). After several 
rounds of washing, bound phages were eluted, titered and counted 
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(Figure 4.4). The number of surviving phages could determine its relative 
HAP-binding specificity. In the study, three 8-mer peptides (ESSATQHV, 
ESSSTASS and DSSTPSST) and three 9-mer peptides (GTNTSSADD, 
AASESTASD and GGTGDAMNM) showed higher HAP-binding 
specificities (>700) at stringent conditions, while other peptides had 
relatively lower specificities (<300). These 6 peptides were picked out from 
the binding assay for the next round of selection. 
 
Figure 4.4   The number of colonies in acid eluted solutions in the phage-
binding assay. Left chart contains selected peptides from f8/8 library and 
right chart contains selected peptides from f8/9 library. 
 
From the phage binding assay, we identified 6 better HAP-binding 
phages (peptides). In order to select the best binder, interactions between 
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the HAP-selected phages and HAP crystals (Figure 4.5a) were performed 
and characterized under TEM. We found the phage displaying 
DSSTPSST was the best HAP-binder. This phage could strongly bind with 
HAP crystals (Figure 4.5b) and even align nano-sized crystals (Figure 
4.5b). Although other 5 phages could also bind with HAP crystals, the 
binding affinity was not as high as DSSTPSST phage. For example, 
AASESTASD phage showed relatively low binding affinity with HAP 
crystals (Figure 4.5c). Wild type fd phage was tested as a control and it 
showed no interaction with HAP crystals (Figure 4.5d). This series of 
interaction tests indicated that 6 selected phages could bind with HAP 





Figure 4.5   Interactions between HAP-Selected Phages and HAP Powder. 
(a) TEM image and electron diffraction pattern of nano-sized HAP powder. 
(b) Interaction between DSSTPSST-phage and HAP powder. (e) 
ESSSTASS-phage has relatively low binding affinity with HAP powder. (f) 
Wild type fd phage as control shows no interaction with HAP powder. 
 
4.3.4.   Interaction between DSSTPSST-Phage and HAP Nanorods 
Testing the interaction between the DSSTPSST-phage identified as 
the best HAP binder and HAP nanorod is necessary. We found that when 
mixed together, DSSTPSST-phage and HAP nanorod interacted with each 
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other and HAP nanorods could even be aligned on single DSSTPSST-
phage along its long axis direction (Figure 4.6b). Moreover, increasing the 
amount of HAP nanorods and phage in the solution resulted in a phage-
nanorod bundle structure (Figure 4.6c). Wild type fd phage was tested as 
a control and showed no interaction with HAP nanorods (Figure 4.6d). 
These facts suggested that DSSTPSST-phage/peptide could interact with 
synthesized HAP nanorods and assemble them into linear arrays. In 
addition, these results also further confirmed the successful selection of 





Figure 4.6   Interactions between DSSTPSST-Phages and HAP nanorods. 
(a) TEM image of DSSTPSST-phage. (b) HAP nanorods were aligned by 
single DSSTPSST phage. (c) DSSTPSST phages helped HAP nanorods 
to form a bundle. (d) Wild type fd phages showed no interaction with HAP 
nanorods. (Original images of b can be found in supporting information as 
figure S4). 
 
4.3.5.   DSSTPSST-Phage - HAP Nanorod Scaffold Fabrication 
The fabrication of DSSTPSST-phage-HAP nanorod scaffold was 
achieved by a freeze-drying method. Briefly, well dispersed HAP nanorods 
in water were mixed with DSSTPSST-phages and then frozen in liquid 
nitrogen. Water from the frozen mixture was sublimated in a freeze-dryer 
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for 12 hours at -40 °C, yielding a phage–HAP scaffold  (Figure 4.7a). At the 
same time, HAP nanorods without any phage, DSSTPSST-phages without 
HAP nanorods and wild type fd phages mixed with HAP nanorods were 
separately treated with the same method as 3 controls (Figure 4.7b is from 
HAP nanorods only; Figure 4.7c is from DSSTPSST-phages only; Figure 
4.7d is from wild type fd phages mixed with HAP nanorods). The scaffold 
obtained from a mixture of DSSTPSST-phages and HAP nanorods had no 
crystal luster, no shrinking and was relatively hard (Figure 4.7a). SEM 
images show that the porous scaffold was composed of sheets and fibers 
(Figure 4.8a) and those sheets and fibers were composed of nanorods 
and phages (Figure 4.8bc). When adding water, this scaffold was not 
dissolved or dispersed in aqueous solution but maintaining its scaffold 
structure like hydrogels. The scaffold formed from HAP nanorods had a 
typical crystal luster and a slice-like morphology (Figure 4.7b). It was so 
fragile that any touch would make it collapse. From SEM images, slices 
composed of HAP nanorods were observed (Figure 4.8de). When adding 
water, this scaffold was dispersed immediately, leaving a solution just like 
the one before freezing. The scaffold formed from only DSSTPSST 
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phages was white and soft. When losing water, it could not maintain its 
original morphology and shrink (Figure 4.7c). SEM images show that this 
scaffold was composed of large fibers composed of phage bundles 
(Figure 4.8f). When adding water, the scaffold was dissolved immediately, 
leaving a clear solution. The product formed from the mixture of wild type 
phages and HAP nanorods had no integral structural but only powder 
(Figure 4.7d). Adding water, the powder could be dispersed immediately. 
These results unambiguously show that only the mixture of DSSTPSST-
phage and HAP nanorod could form a complex scaffold suitable for further 





Figure 4.7   Morphologies of formed scaffolds by (a) DSSTPSST-phage 
with HAP nanorods, (b) HAP nanorods only, (c) DSSTPSST-phage only 






Figure 4.8   SEM images of formed scaffold from (a), (b) and (c) HAP 
nanorod with DSSTPSST-phage HAP nanorod; (d) and (e) HAP nanorods 




One fragment from DSSTPSST-phage-HAP nanorod scaffold was 
characterized under TEM for its detailed structure. In the electron 
diffraction pattern from figure 9a, the presence of the diffraction arcs 
corresponding to the 002 plane indicated the c-axis preferred orientation 
of HAP nanocrystals. This 002 direction (c-axis direction) shared the same 
direction with the long axis of HAP-phage complex (Figure 4.9a). Since 
the c-axis of a single HAP nanorod has the same direction with its long 
axis [186] (Figure 4.9c), a conclusion could be conducted that HAP 
nanorods in scaffolds were parallel aligned with the same direction as the 
long axis of HAP-phage complex. In other words, the long axis of HAP-
phage complex, the long axis of HAP nanorods and c-axis of HAP 
nanorods shared the same direction (Figure 4.9b). These facts were 
consistent with the previous finding that HAP nanorods could be aligned 





Figure 4.9   HAP nanorods were aligned by DSSTPSST-phages forming a 
HAP-phage complex with a c-axis preferred orientation. (a) TEM image 
and diffraction pattern of a fragment from HAP-phage scaffold. The 
presence of the diffraction arcs corresponding to the 002 plane indicated 
the c-axis preferred orientation of HAP-phage complex. Red rods 
indicating HAP nanorods show how they were aligned in scaffold. (b) High 
magnification image of the fragment edge. Most HAP nanorods were well-
aligned. (c) A diagram of the synthesized HAP nanorod. (001) planes at 
the tips are perpendicular with the (100) faces on its main body. C-axis of 
each HAP nanorod shares the same direction of its long axis.  
 
4.3.6.   Proliferation of MSCs on the HAP-Phage Scaffold 
We found MSCs could seed and proliferate on our HAP-phage 
scaffold and a film of HAP nanorods. From the results of MTT assays, it is 
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clear that MSCs grew faster on HAP-phage scaffold than on cell culture 
plate (control). But no significant difference was observed between the 
proliferation rate of MSCs on the film of HAP nanorods and control. 
Specifically, after culturing for 3 days, the growth rate of resident MSCs on 
our scaffold was quantified at OD490 by MTT assay showing a value of 
0.94±0.047 which was significantly higher (p<0.01) than the value 
(0.66±0.039) from cells on cell culture plate (Figure 4.10). The quantified 
growth rate of resident MSCs on the film of HAP nanorods was 
0.63±0.019, showing no significant difference from control (Figure 4.10). 
We also characterized the morphology of resident cells by SEM. MSCs 
were found attached to and spreaded on the scaffold (Figure 4.11). In 
addition, dapi was used to label the cellular nucleolus of resident MSCs, 
showing MSCs could grow on the scaffold with high density (Figure 4.12). 
The background blue was from the nonspecific adsorption of the dye onto 
HAP-phage scaffold. It was impossible to focus all the resident cells at the 
same time, indicating resident cells were not seeding on a flat layer but on 




Figure 4.10   The proliferation of MSCs on cell culture plate, a film of HAP 




Figure 4.11   Morphologies of MSCs on HAP-phage scaffold after 3 days 




Figure 4.12   MSCs on HAP-phage scaffold. Cellular nucleolus of resident 




4.4.   Discussion 
In order to verify the successful selection of peptides with binding 
affinity against HAP nanorods during the biopanning process, selected 
peptides were analyzed by RELIC/POPVID which could estimate the 
sequence diversity of a combinatorial peptide library based on the 
sequences obtained from a limited number of randomly sampled members 
of the library [153]. In principle, selected peptides with the binding affinity 
against the target should have a diversity value lower than randomly 
selected peptides from the initial library. We calculated both diversities of 
affinity-selected peptides and randomly selected peptides from the initial 
parent library by RELIC/POPVID program. For f8/8 library, our affinity-
selected peptides yielded a diversity value of 0.001015 ± 0.000558, 
whereas the 100 randomly selected peptides from the initial parent library 
yielded a diversity value of 0.009139 ± 0.004486. For f8/9 library, our 
affinity-selected peptides yielded a diversity value of 0.000943 ± 0.000567, 
whereas the 100 randomly selected peptides from the initial parent library 
yielded a diversity value of 0.011612 ± 0.007429. Our affinity-selected 
peptides showed lower diversities than those in the initial libraries. This 
137 
 
analysis strongly supported the successful selection of peptides with 
binding affinity against HAP nanorods during the biopanning process. 
DSSTPSST-phage was verified as the best HAP-binder from 
previous study, but the interaction details were still unknown. In order to 
have a better understanding of the detailed binding mechanism, we 
performed a simulation to describe this interaction. Before the simulation, 
it was very important to know the interaction interfaces from both HAP 
nanorods and DSSTPSST-phages. As reported in previous literature, 
every synthesized HAP nanorod is a single crystal with its c-axis/(001) 
direction parallel to its long axis [186]. In other words, (001) planes of HAP 
nanorod are perpendicular with its long axis (Figure 4.9c). Therefore, for 
every HAP nanorod, two tips are (001) planes and the sidewall is (100) 
plane which is perpendicular with (001) plane (Figure 4.9c). This 
conduction is also consistent with the fact that (001) direction of HAP 
crystal usually is the direction of crystal-growth [195-198]. Because 
DSSTPSST-phage interacted with the sidewall of HAP nanorods (Figure 
4.6b), the interface from HAP nanorods should be (100) plane. On the 
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other hand, the sidewall of a DSSTPSST-phage is composed of 3900 
copies of engineered pVIII coat proteins which are highly ordered with a 
fixed angle of 21 degree against the long axis of phage [199]. For each 
engineered pVIII protein, DSSTPSST peptide was displayed on its N-
terminal, leaving the sequence of its N-terminal ADSSTPSSTDPAKAA 
[175]. Since only the N-terminal of pVIII protein can be exposed for 
interaction, ADSSTPSSTDPAKAA would be studied for its interaction with 
HAP nanorod. Some simulation results have been done by Lee from 
Johns Hopkins University (Figure 4.13 and 4.14) 
 
Figure 4.13  Application of geometrical constraints. (a) A view of pVIII coat 
proteins (PDB ID: 2HI52), symmetrically located along the virion axis C 
and the helix tilt angle Θ of a single subunit. (b) The HAp (100) surface 
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terminating in high calcium density. (c) A model of a single subunit 
adsorbed to HAp surface under distance d and Θ constraints. The phage 
structure is included in the background (not during the actual part of the 
program) to visualize the model in the context of a phage aligning along 
HAp surface.  
 
Figure 4.14  Proposed adsorbed-state protein structures. (a) For the 
DSSTPSST peptide, the N-terminus has a turn-like conformation with a 
trans-proline at the center (Pro6).  The pyrrolidine ring is puckered. The 
proline is directed away from the surface while the side chains and 
carbonyl oxygens of other residues, especially Asp2, Ser8, and Asp12 are 
directed toward the HAp surface and are involved in electrostatic 
interaction or hydrogen bonding with the Ca2+ or OH-, respectively. Orange 
dash lines represent protein-HAp  hydrogen bonds while the yellow ones 
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show the protein-protein hydrogen bonds. (b) For the ESSATQHV peptide, 
the N-terminus is extended. While most residues have their side chains 
pointing toward the surface (e.g. Asp2, Gln7, and His8), the side chain of 
Asp10 is directed away from the interface.  
 
Affinity-selected peptides can also be applied to identify potential 
target-binding domains on target-related proteins [179]. It would be 
interesting if we could identify potential HAP-binding domains from bone 
related proteins. RELIC/MATCH program was performed to align our 
affinity-selected peptides (listed in Table 4.1) with the whole sequences of 
bone related proteins (including statherin, dentin matrix protein 1, 
osteocalcin, osteopontin, osteonectin, bone sialoprotein and alpha-1 type I 
collagen) and identified HAP-binding domains on them (Table 4.2). Our 
identified HAP-binding domains confirmed some previously identified 
domains such as DSSEEK from statherin [200] and QESQSEQ from 
dentin matrix protein 1 [117]. These matches indicated that our biopanning 
method was efficient to identify HAP-binding domains on bone related 
proteins. In addition, ADSGSSEEK identified from osteopontin was quite 
similar with DSSEEK from statherin [200], showing potential HAP-binding 
ability. Other identified potential HAP-binding domains listed in table 4.1 
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were new domains which could provide additional information for people 
to study these bone related proteins. 
 
Table 4.2   Identified HAP-binding domains on the bone related proteins. 
Bone Related 
Proteins 























Recently, two groups have biopanned traditional tip-displayed M13 
phage libraries from NEB Inc. against HAP powder and identified two 
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HAP-binding peptides which are SVSVGMKPSPRP [71] and 
CMLPHHGAC [72]. Our selected HAP-binding peptide, DSSTPSST, is 
different from those reported peptides for several reasons. Our biopanning 
target is HAP nanorod rather than commercial micro-sized HAP powder 
used in the previous work [71, 72]. These differences in size and shape 
between HAP targets may affect the biopanning process and result in 
different results. Moreover, in our biopanning process, we used high salt 
(750mM–1M) PBS buffer as washing buffer instead of traditional washing 
buffer which contains 0.1% Tween 20. This switching could ensure a 
strong bonding of the selected phage with HAP nanorods in the following 
cell culturing process. But this switching may also change the cut-off value 
of selection in washing process, leading to a distinct result. Besides HAP 
targets and washing buffer, another possible reason is that we performed 
the biopanning using landscape phage libraries which are quite different 
from traditional tip-displayed phage libraries in both displayed locations 
and inserted random peptides [175]. For assembling HAP nanorod and 
phage into a bone biomaterial, landscape phage library is superior to the 
widely used tip-displayed phage libraries for two reasons. First, the 
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selected HAP-binding phages from landscape phage library have 
thousands of copies of HAP-binding peptides along the length of the 
phage while the HAP-binding phage identified by the tip-displayed phage 
library has only up to five copies of binding peptides at the tip of the phage 
[71, 72]. Second, to mimic the feature that HAP is assembled along the 
collagen fibers, the use of the landscape phage library will directly result in 
the production of phage with HAP-binding peptide along the length of 
phage, which can be further used as a template to assemble HAP 
nanorods along the sidewall of phage to form building blocks for further 
assembly into a bone scaffold. Therefore, using HAP nanorod as the 
selection target,         using high salt PBS buffer as the washing buffer and 
applying landscape phage library resulted in a different HAP-binding 
peptide/phage from reported ones.  
In fabricated HAP-phage scaffolds, the long axis of HAP-phage 
complex, the long axis of HAP nanorods and the c-axis of HAP nanorods 
have the same direction (Figure 4.9). This alignment and packing of HAP 
nanorods with DSSTPSST-phages greatly mimicked the lowest level of 
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hierarchy of nature bone that HAP crystals are nucleated and grown within 
collagen fibrils with their c-axis preferentially parallel to the collagen fibrils. 
Several groups have co-mineralized HAP with peptides or collagen 
molecules to mimic the structure of natural bone [107, 201]. However, to 
the best of our knowledge, no successful mimicking of the basic structure 
of nature bone assembled from pre-synthesized nano-scaled HAP crystals 
and polymers have been reported. This strategy not only resulted in a 
scaffold for supporting cellular proliferation but also provided a novel way 
to mimic the lowest level of hierarchy of nature bone. 
In our work, the proliferation rate of MSCs measured on HAP 
nanorods without phage was comparable with control (on cell culture plate) 
(Figure 4.10). It suggested that our synthesized HAP crystallized nanorod 
with a nano-scaled size (10×150nm) was an excellent inorganic candidate 
for the proliferation of MSCs. This result was consistent with the previous 
findings that cellular viability and proliferation of MSCs measured on nano-
sized HAP particles (typically 20±5, 40±10 and 80±12 in diameter) were 
greater than on conventional HAP [202] and even comparable with control 
145 
 
under certain HAP/cell ratio [203]. When cultured on the HAP nanorod-
DSSTPSST-phage scaffold, the proliferation of resident MSCs were 
significantly promoted (Figure 4.10). This promotion was not due to the 
DSSTPSST-phage itself, because the proliferation of resident MSCs on 
phage film without HAP was found significantly lower than control. We 
believe this promotion of the cellular proliferation was ascribed to the 
alignment and packing of HAP nanorods by DSSTPSST-phage which 
mimicked the lowest level of hierarchy of nature bone (Figure 4.9). This 
conclusion was in accordance with the previous finding that the degree of 
the ordering of surface nano-structures could affect the adhesion, 
proliferation and differentiation of resident cells [204]. Therefore, these 
facts suggest that crystallized HAP nanorods with a well-aligned ordering 
could enhance the proliferation rate of resident MSCs. 
Traditional biomaterials for bone healing include bone grafts, 
polymers, ceramics, metals and combinations of polymers and ceramics 
[90-96]. Our work represents the first attempt to apply a bottom-up 
approach from nanotechnology to the fabrication of bone scaffold which 
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greatly mimicked the lowest level of hierarchy of nature bone. Compared 
with other bone related biomaterials, our fabricated scaffold assembled 
from HAP nanorod and its binding phage shows some advantages. First, 
compared with the conventional micro-sized HAP ceramics, nanophase 
HAP structures have better mechanical properties [205, 206], higher 
stabilization during the formation process in the biological milieu, and 
stronger surface interactions with the host cell/tissue [207]. In addition, 
hydroxyapatite presence in natural bone is in the form of nano-sized 
needle like crystals nucleated and grown on collagen fibrils with their c-
axis parallel to collagen fibrils [101, 108, 208, 209], so nanophase HAP 
structures, especially HAP nanorods, can mimic this structure in natural 
bone. Second, fd phage, a collagen-mimicking biomolecular nanofiber, is 
superior to other synthetic or natural nanofibers for its chemical stability 
[45], error-free mass production [45, 48], high surface density (as high as 
300-400 m2/g) [45], non-toxicity in human body [210, 211] and matured 
display technique [173]. Third, based on phage display technique, several 
peptides can be displayed on the outer surface of one single phage 
simultaneously, making it possible for an individual nanofiber to present 
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both HAP-binding peptide and signaling peptide on surface (double 
display) [46, 47, 174]. The biomimetic scaffold assembled from fd phage 
can favor both HAP binding and cellular functions. Fourth, this HAP-phage 
scaffold could mimic the lowest level of hierarchy of nature bone and 
efficiently promote the viability, adhesion and proliferation of resident 
MSCs. Fifth, the alignment of HAP nanorods by selected binding phage is 
a very universal method which can be applied to align other inorganic 
nanorods for a broad variety of applications. These facts can be 
considered as important advantages of assembling HAP nanorod and its 
binding phage to form a scaffold for bone repair. On the other hand, it was 
very time-consuming to obtain large quantity of selected phages for a 
large scaffold. For practical applications, the needed time for several 
grams of phages will be even longer. This is perhaps the main limitation of 
the scaffold described in this work. We plan to use fermentor to optimize 
the phage yield and overcome this limitation. 
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4.5.   Conclusion 
In summary, we selected some HAP-binding phages by biopanning 
landscape phage libraries against HAP nanorods. The best HAP-binding 
phage, DSSTPSST-phage, was picked out and allowed to assemble with 
HAP nanorods into a novel scaffold by freeze-dry method. In the building 
blots of the scaffold, HAP nanorods were aligned and packed by HAP-
binding phages, mimicking the lowest level of hierarchy of nature bone. 
This new scaffold assembled from HAP nanorods and HAP-binding 
phages could efficiently support and promote MSCs seeding and 
proliferation on it. 
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Chapter 5        Controlled Growth and Differentiation of Mesenchymal 
Stem Cells on M13 Bacteriophage Films 
5.1.   Introduction 
Tissue engineering involves a system with specific biochemical 
functions and cells within an artificially-created scaffold. Finding a proper 
artificially-created scaffold is vital for achieving engineered tissues. 
Cellular behaviors depend on substrate surface topography and surface 
chemistry. Therefore, an effective scaffold includes a well-organized 
structure that allows cellular adhesion, growth and proliferation and a 
signaling environment that regulates resident cells’ behavior [212-215]. 
The native extracellular matrix (ECM) contains fibrils ranging from tens of 
nanometers to micrometers in scale. These fibrils are responsible for the 
structural support provided to resident cells, and their organized structure 
guides tissue morphogenesis and remodeling [216]. To mimic this native 
ECM fibril structure, people have fabricated various nanofibrous scaffolds 
from biological and synthetic polymers. These scaffolds have tremendous 
potential for use in tissue engineering applications [217]. The main 
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advantage of using nanofibers is their larger surface area to volume ratio 
which allows for greater attachment of ECM ligands and growth factors 
onto fiber surfaces [218, 219]. Some groups have demonstrated that the 
patterning of nanofibers could easily be fabricated to affect cellular 
processes [220, 221]. However, a facile way to introduce signaling motifs 
onto the fiber surface for controlling cellular processes is still not available. 
The M13 bacteriophage is a flexible nanofiber with a width of 6.9 
nm and a length of 880 nm. As for its structure, a single stranded DNA is 
packed into a protein shell composed of 2700 copies of major coat 
proteins (pVIII) and 5 copies of minor coat proteins (pIII, pVI, pVII, and pIX) 
at both tips. The beauty of phage display technology is that the surface 
chemistry can easily be controlled by genetically displaying foreign 
functional peptides on phage major coat proteins. At high concentrations, 
both wild type and engineered phages can self-assemble into long-range 
ordered micro-filamentous structures that effectively mimic native ECM 
fibrils [222]. Recently, aligned nano-fibrilar structures built from phages 
have been exploited as novel tissue regenerating materials for controlling 
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macroscopic cellular behaviors [223, 224]. Some investigations have 
shown that genetically engineered phage nanofibers can serve as 
targeting vehicles for delivering drugs and imaging probes for human 
medical treatments [225, 226]. Currently, there have been no reports of 
toxic effects found to be caused by phage on mammalian cells. This may 
be due to the specificity against their host bacterial cells rather than 
mammalian cells [225, 227]. These facts suggest that phage is a 
promising candidate for forming cell-supporting scaffolds.   
MSCs are multipotent stem cells that can differentiate into 
osteoblasts, chondrocytes and adipocytes. Because of their broader 
differentiation ability, a significant number of studies have been focused 
on MSCs for their potential applications in the repair of bone, fat tissue, 
cartilage, and more significantly, bone regeneration. [183-185]. By 
investigating the cellular behavior of MSCs cultured in vitro on a 
specifically functionalized scaffold, it would be possible to provide a better 
understanding of the effects that the local niche may have on the stem cell 
response as well as obtain a strategy for directing the formation of bone in 
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vivo. So far, it has not been reported that MSCs are capable of growing 
and differentiating on the phage scaffold. In this work, we employed wild 
type (WT-) and genetically engineered M13 phages to form films for 
supporting MSC proliferation and differentiation. For engineered phages, 
two peptides (PdpLeprrevce and YGFGG) were displayed on the sidewalls 
of phages. For convenience, the phage displaying PdpLeprrevce is 
labeled as PD-phage and the phage displaying YGFGG as yg-phage. The 
PdpLeprrevce peptide is an anionic HAP-binding peptide selected from a 
biopanning process and YGFGG is the core domain of the typical cell 
growth peptide known as OGP. Our results indicate that incorporating 
genetically engineered phages into a complicated scaffold is a feasible 
method for controlling surface topography and surface chemistry, offering 




5.2.   Experiments 
5.2.1.   Display of Peptides on M13 Phage. 
We used standard phage display technology to fuse foreign 
peptides (PdpLeprrevce and YGFGG) to the N-terminus of the major coat 
proteins (pVIII) of M13 phage. Briefly, the oligonucleotides encoding 
PdpLeprrevce and YGFGG were amplified by PCR using a replicative 
form of DNA (RF DNA) as a template. The PCR products were purified 
using a QIAgen PCR product purification kit. The purified DNA was 
digested with both NcoI and HindIII restriction enzymes and isolated by 
electrophoresis in a 0.5xTBE buffer and extracted from the agarose gel 
using a QIAgen gel DNA extraction kit. The purified PCR products and 
linear vectors were ligated together at 25oC for 10 minutes using T4 ligase 
from NEB. The ligation products were then transfected into competent E. 
coli TG1 cells prepared by the CaCl2 method. 100 µl of transfected 
bacteria was spread onto an SOB plate containing suitable antibiotics. A 
well separated clone from the plate was then inoculated into a 3 ml 2xYT 
broth and incubated at 250 rpm at 37oC. The recombinant phagemid DNA 
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was isolated using a QIAgen miniprep plasmid extraction kit and followed 
by sequencing.  
5.2.2.   Engineered Phage Propagation and Purification. 
The phage displaying PdpLeprrevce (pd-phage) and YGFGG (YG-
phage) on the major coat was amplified by incubating the respective 
phage suspension with an E. coli TG1 strain. Briefly, two tubes of a 5 ml 
bacterial culture was incubated with the phages in a 1 liter LB medium in a 
shaking incubator at 370C overnight. Antibiotics including chloramphenicol 
(35 µg/ml), tetracycline (35 µg/ml), and kananmycin (70 µg/ml) were used 
for the selection of the respective plasmid and strains. The overnight 
culture was first centrifuged at 2400 g for 20 min at 40C. The supernatant 
was then collected and re-centrifuged at 6700 g for 20 min at 40C. Then a 
PEG/NaCl solution was added and the suspension was stored in a 
refrigerator overnight. Phage precipitates were collected at 10100 g for 60 
min at 40C, redissolved in TBS buffer and centrifuged at 10100 g for 10 
min until clear. 
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5.2.3.   Harvest and Isolation of Rat MSCs. 
Bone marrow was obtained from femur of fisher 334. MSCs were 
isolated by a modification of methods previously described [190, 191]. 
Briefly, one volume of a bone marrow sample was mixed with two volumes 
of phosphate-buffered saline (PBS), and the mixture was centrifuged at 
1000g for 4 minutes. The supernatant was discarded and the pellet was 
washed two more times with Dulbecco’s Modified Eagle Medium (DMEM; 
GIBCO BRL, Grand Island, NY, USA). After determination of the cell 
viability and number using trypan blue staining following lysis of 
erythrocytes by the addition of 4% acetic acid, 5 × 104/ cm2 nucleated cells 
were plated in T-25 culture flasks in DMEM (low glucose) containing: 
penicillin G 100 U/mL, streptomycin 100 µg/mL, amphotericin B 0.25 
µg/mL, HEPES 2.4 mg/mL, NaHCO3 3.7 mg/mL, and 10% fetal bovine 
serum (Invitrogen, USA) also termed standard growth medium.). The cells 
were incubated at 37 °C in a humidified atmosphere co ntaining 5% CO2. 
After 3 days of culturing, the nonadherent cells were removed by changing 
the culture media. The adherent cells were grown to 90% confluency to 
obtain samples, here, defined as passage zero (P0) cells.  
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MSCs at P0 were washed with PBS and detached by incubation 
with 0.25% trypsin-EDTA for 2 to 3 min at 37 °C. The  complete medium 
was added to inactivate the trypsin. The cells were centrifuged at 1000g 
for 3 min.The medium was then removed and the cells resuspended in 2 
to 5 ml of complete medium. The cells were counted using a 
hemacytometer and plated as P1 in 25-cm
2 flasks at a density of 5×103 
cells/cm2. The medium was changed every 2 to 3 days and the cells were 
passaged every 3 to 4 days. All the cells used for the experiments were P3. 
5.2.4.   Phage Film Fabrication 
A multilayered phage film was generated using the ESA technique 
described by Luo et al. [228] with few modifications. The pre-cleaned 
glass chips were soaked into a poly-lysine solution for 30 min allowing for 
the adsorption of the first cationic polyelectrolyte layer onto thechips. 
Subsequently, the chips were washed in ultra-pure water (5 min, 
continuous water flow) and dried under a pressurized air stream. Then the 
glass chipss were alternately soaked into a phage solution (1014 , 
1013 ,1012 pfu/ml) and the poly-lysine solution for 7 min each with 
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intermediate washing in ultra-pure water (5 min, continuous water flow) 
and drying under a pressurized air stream. The build-up cycle of the 
multilayered phage-coatings was repeated until a total of 4 double-layers 
were reached. Last, a final layer of phage was coated as the solution-
exposed surface. 
5.2.5.   Methylthiazoletetrazolium (MTT) Assay. 
The cells were plated at a density of 4×103 cells/well in 96-well 
plates in a standard growth medium for 72h. Measurement of cell viability 
was done by a 3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyl tetrazolium 
bromide (MTT) assay. MTT was used as an indicator of cell viability as 
determined by its mitochondrial-dependent reduction to formazone. MTT 
(5 mg/ml, 20 µl /well, Sigma, USA) was then added to the cell cultures for 
an additional 4 h period. The supernatant was then discarded, followed by 
the addition of dimethyl sulfoxide (DMSO, 150 µl/well, Sigma, USA) and 
agitated for 10 min to dissolve the crystal completely. The values of OD 
were measured at a 490 nm wavelength on a plate reader (Biotek, USA). 
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5.2.6.   Scanning Electron Microscopy (SEM) for Substrate and Cell 
Morphological Examination. 
Initial cells were added onto the phage film at a density of 1 × 104 
cell/mL. After culturing for 24 hours, the cells on the phage film were 
washed with 1× PBS, fixed with 2.5% glutaraldehyde in 0.1× PBS for 1 h 
and washed three times with 1× PBS times. The cells were then 
dehydrated in a graded series of ethanol (50, 70, 90, and 100%) for 30 
min each and left in 100% ethanol until they were totally dried by a 
supercritical point CO2. The dried samples were sputter-coated with very 
thin gold for SEM characterization. The morphology of the phage film as 
well as the resident cells was monitored by SEM (XL30, FEI Corporation).  
5.2.7.   Immunofluorescence of Actin and Osteopontin/Osteocalcin. 
After 2 weeks of culture in osteogenic media which can induce the 
differentiation of MSCs into osteoblast cells, the cells on the phage film 
substrates were fixed in 70% ethanol in 1× PBS for 15 min at room 
temperature. Once fixed, the cells were washed twice with 1× wash buffer 
(1× PBS containing 0.05% Tween-20). To permeablilize the cells and 0.1% 
159 
 
Triton X-100 in 1× PBS solution was added for 10 min. The cells were 
washed twice with a wash buffer. Then, the samples were incubated for 1 
h at room temperature in 5% BSA/1× PBS followed by the addition of 
antiosteopontin (OPN) antibody (1:1000, abcam 
Biotechnology)/antiosteocalcin (OCN) antibody (1:1000, abcam 
Biotechnology), and incubated overnight at 4 °C. Afte r incubation, the cells 
were washed 3 times for 5 min each wash with a 1× wash buffer. Goat 
anti-rabbit IgG-TRITC (1:500, Santa Cruz Biotechnology) and FITC-
conjugated phalloidin (1:40, Invitrogen) in 1× PBS was added for double 
staining and the cells were incubated again for 1 h at room temperature. 
The cells were washed 3 times with a 1× wash buffer for 5 min each wash. 
Then, the samples were stained by DAPI (1:1000, Chemicon) for nucleus 
staining. The samples were then inverted onto coverslips, mounted, 




5.2.8.   Mineralized Bone Matrix Formation Assay 
The cells were plated at a density of 4×103 cells / well in 96-well 
plates and coated with varying types of phage. The medium was changed 
every three or four days and allowed to grow for 2 weeks. Mineralized 
nodules were stained with Alizarin red S [229]. The dye taken up by 
extracellular calcium deposits was dissolved in 0.1N sodium hydroxide 
and quantified spectrophotometrically at 548 nm. 
5.2.9.   Statistical Analysis 
Data was analyzed using SPSS 10.0 statistical software (SPSS 
10.0 for windows). One-way-ANOVA and post hoc multiple comparison 
tests were both performed. Each value represents a mean ± standard 
error (SE) in all the figures. A significant level set at 0.05 was defined for 
the differences between the groups. 
5.3.   Results 
5.3.1.   Characterization of the Phage Film 
The functional versatility of phage is programmed by their shape, 
surface chemistry, and displayed peptides, all of which can be controlled 
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via chemical modification or genetic engineering. Its controllable surface 
chemistry allows use of phage as a bio-template for directing the 
nucleation and growth of various inorganic crystals and organic polymers 
[27, 222]. Its long-rod shape (880 nm by 6.6 nm) and monodispersity drive 
them to self-assemble into highly controlled periodic nanostructures [222, 
223]. Recently, the ability to align resident cells has been integrated into 
the design of scaffolds for tissue engineering. One promising solution is to 
introduce topographic micro-grooved structures onto scaffolds. It has been 
reported that the surface, with a specific groove depth and periodicity, can 
induce qualitative cell alignment [230-232]. Compared to the disordered 
surfaces of bio-films generated by other virus particles [233], phage 
assemblies are much more promising for serving as scaffolds to inducing 
cell alignment. 
In this study, we used the typical layer by layer technique to 
generate WT-phage films [228]. Positive charged polylysine molecules 
were employed to modify the chip surface and crosslink negatively 
charged phage layers. The fabricated film had a slightly rough surface with 
162 
 
alternating phage bundles and grooves. The paralleled phage bundles 
were distanced apart by grooves (Figure 5.1), giving a microtextured 
surface morphology. In addition, their sizes could be controlled using 
different concentrations of phage solution. Specifically, the surface of the 
phage film generated with a high concentration of phage (1014 pfu/ml) 
showed deeper grooves, bigger bundles and a more ordered pattern than 
those generated with a lower concentration (1012 pfu/ml) (Figure 5.1). 
 
 
Figure 5.1   M13 phage film obtained at different concentrations (1012 ,1014 
pfu/ml) of phage assembly. The viral films generated large areas with a 
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high level of organization, with an overall multiplex orientation of the 
arrays. (a,b,: Optical images, scale bar 200px; c,d: SEM images) 
 
Traditional thin films formed solely from charges are not stable for 
long periods of time in a culture media which contain plenty of ions. In this 
study, however, we found that our multi-layer structure could keep the 
phage film relatively stable in a culture medium for more than 14 days. 
Engineered phage based films were also synthesized via layer by layer 
technology and showed the same surface morphology as the WT-phage 
film. Therefore, we successfully prepared a stable 2-dimensional phage 
scaffold made with the WT-phage or engineered phage with sufficient 
parallel grooves on its surface.  
5.3.2.   Morphology of MSCs on Phage Films. 
Preliminary experiments show that grooved and microtextured 
surfaces can provide directional cues for the morphogenesis of 
osteoblasts with a preferred direction via a phenomenon known as 
“contact guidance” [234]. Qualitative cell alignment can be achieved on 
grooves with a width of 500nm and a depth of 150nm [235-237]. Up to 
164 
 
now, most studies of cell orientation on the surface grooves have been 
mainly focused on scaffolds built by polymers [238-241]. Only a few 
successful cases of bio-fiber induced cell alignment have been reported. 
Phage is a bio-fiber and protein polymer which can form a textured 
surface with grooves. In order to test what changes could be brought to 
resident MSCs by phage films, we systemically studied the morphology 
varieties of MSCs on phage films prepared by varying phages (WT-, PD-, 
YG-phage) and phage concentrations (1014, 10
13
, and 10
12 pfu/ml).  
Generally speaking, on both WT-phage and engineered phage 
(PD- and YG-phage) films, MSCs were significantly stretched and aligned 
along the phage bundles (Figure 5.2, 5.3, 5.6 and 5.7) leading to a 
spindle-like cellular morphology. From the SEM images, we can see that 
the cellular ECM spread mainly on phage bundles, which directed the 
elongation and alignment of MSCs. However, not all resident MSCs have 
the exact same morphology. With different phage concentrations and 
fused peptides (WT/PD/YG), slight variations in the morphologies of 
resident cells could be found. Specifically, we found that the film 
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generated with a higher concentration of phage induced a higher 
stretching degree of order of resident MSCs than with a lower 
concentration (Figure 5.4 and 5.5). The MSCs on the film made from 1014 
pfu/ml of WT phage was highly ordered with a spindle-like structure while 
cells on the film made from 1012 pfu/ml of phage were less ordered with a 
relatively spread morphology (Figure 5.4 and 5.5). Besides phage 
concentration, fused foreign peptides can also affect cell morphology. 
MSCs seeded on the PD-phage film have more filopodia and are more 
spread than cells attached on the WT-phage film or YG-phage film (Figure 
5.6, 5.7).  
 
Figure 5.2   The cells elongated along one direction, radiated from the 







Figure 5.3   An orderly arrangement of cells where the phage bundles are 
consistent with the orderly nature. a) The phage film was consisted with 
the phage bundles, b) MSC were elongated on the phage film and  
attached on the phage bundles. Red arrow shows the phage bundles. 
 
 
Figure 5.4   The films which were generated with different concentrations 
(1014, 1013, 1012 pfu/ml) of phage can affect the cell alignment and cell 
stretching degree of order. MSC were arranged at a higher degree of 
order and extremely stretched at the higher concentration (a) of 
phage(1014 pfu/ml) form, the film compared to the cells, seeded on the film 





Figure 5.5   The surface area of MSCs cultured on the phage films  
generated at different concentrations of phage (1014, 1013, 1012 pfu/ml). 
Limited amounts of cells spread out and extraordinary cell elongation was 





Figure 5.6   MSCs culture on the type of subtrates. a) MSCs cultured on 
the film generated by the wild phage. The cells were elongated and 
aligned. b) MSCs which were cultured on the film generated by the 
engineering phage (PdpLeprrevce). The cells were also arranged at a 
higher degree of order, but displayed multiple pseudopods compared to 




Figure 5.7  a) MSCs cultured on a phage film modified with peptide 
(PdpLeprrevce). The cells show multiple pseudopods attached to the 
phage bundles (shown with red arrow) compared to the cells on the wild 
type film. 
 
5.3.3.   Proliferation of MSCs on Phage Film. 
It is indispensable for a successful scaffold to support the healthy 
growth of resident cells. We found that MSCs could proliferate on both 
WT-phage assembled films and engineered phage assembled films 
(Figure 5.8). However, the growth rate of the MSCs on phage films 
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depended on both the phage concentration as well as the peptides 
displayed on the side wall of phage. After culturing for 3 days and 
assaying by the MTT method, MSCs seeded on regular plates without 
phage films showing a higher growth rate than cells located on phage 
films (P<0.01, P<0.01) (Figure 8). As the concentration of phages 
increased, the measured OD490 value decreased (10
12pfu/ml group vs 
1014pfu/ml group, P<0.05; 1013pfu/ml group vs 1014pfu/ml group, P<0.01), 
indicating that the growth rate of resident MSCs decreased. By monitoring 
the growth of MSCs on WT-, PD- and YG-phage films, we noticed that 
MSCs on the YG-phage film grew faster than on WT- (P<0.01) or PD-
phage (P<0.05, P<0.05) films, however, there is no significant difference 
between the growth rate of MSCs on WT- and PD-phage films (Figure 5.8).  
5.3.4.   Differentiation of MSCs on Phage Film. 
MSCs can differentiate into several functional cells, such as bone, 
cartilage, and fat cells. Specific differentiation of resident MSCs towards 
bone is a hot topic in bone tissue engineering. Therefore, we wanted to 
test if MSCs could specifically differentiate into osteoblasts on our phage 
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films. It has been well documented that the specific differentiation of MSCs 
towards osteoblasts can be characterized by monitoring the increased 
expression of osteopontin (OPN) and osteocalcin (OCN) [242]. As one 
member of the bone proteins, OPN serves as a bridge to link cells and 
hydroxyapatite minerals through its RGD and polyaspartate sequences 
[243]. OCN is known as being the most sensitive signal for osteoblast 
differentiation and mineralization. It is expressed during the post-
proliferative period, i.e. the ECM maturation period, reaching its maximum 
expression during mineralization,  accumulating in the mineralized bone 
[244]. 
In this study, phage films were able to up-regulate the expression of 
OPN and OCN in resident MSCs under osteogenic media. After culturing 
for 2 weeks, MSCs seeded on phage films expressed greater OPN and 
OCN in the cytoplasm (Figure 5.9 b, c, e and f) compared to MSCs that 
were not on phage films (Figure 5.9 a and d). No significant difference in 
OCN expression was observed in respective MSCs on the WT-phage film 
or PD-phage film under osteogenic media (Figure 5.9 e and f). Some 
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MSCs that were cultured on the PD-phage film for 2 weeks under 
osteogenic media were found to aggregate into nodules with OPN 
presented at the periphery (Figure 5.9 c and f). This suggests that these 
nodule-forming cells were matured osteoblast.  
Calcium-containing mineral deposits in the ECM are also markers 
for testing bone formation. To further support the immune staining results, 
mineralized calcium-containing matrices prepared under the same 
conditions were stained using Alizarin red S and quantitatively 
characterized by a spectrophotometer at OD 548. Figure 5.10 shows both 
the quantitative and qualitative evidence that the phage films significantly 
promoted calcium deposition in mineralized nodules. Almost 1.5 times 
more calcium-containing matrix could be obtained from MSCs on phage 
films than without phage (p<0.01, p<0.01). However, no significant 
quantitative difference was observed between MSCs on the WT-phage 
and PD-phage films. From the above results, we can conclude that the 
phage films can stimulate the MSCs to differentiate towards osteoblast 




Figure 5.8  MTT assay results.  a) MSCs cultured at the low concentration 
(1012 pfu/ml) of phage film grew faster than the cells at the higher 
concentration (1014 pfu/ml) of film. b) MSCs that seeded on the phage film 
grew  slower than those on the glass slides. (* p<0.05, ** p<0.01) 
 
 
Figure 5.9 The phage film could up-regaulate  osteocalcin and osteopontin 
expression compared to the control. The phage film which was modified 
with the peptide (PDPLEPRREVCE). could stimulate  MSC aggregation to 
form a calcified nodule-like substance. DAPI (blue), Phalloidin (green). 




Figure 5.10   Mineralization assayed by Alizarin red S at 14days.  **p<0.01 
(Image magnification 100×) 
 
5.4.   Discussion 
Natural filamentous phages are identical protein fibers with 
negative charges on their surfaces. Their monodispersity in water is unlike 
any available commercial rod-like colloid or polymer. With certain high 
concentrations, phages exhibit a cholesteric phase in which all phages are 
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aligned parallel. On the other hand, it is well known that divalent metal 
ions or positively charged polymers can laterally aggregate protein rods by 
cross-linking neighboring fibers. One example is that polylysine can 
induce the formation of F-actin paracrystal. For phage film fabrication, 
surface modified polylysine was first dynamically adsorbed onto a glass 
surface on which a nearby thin layer with free polylysine was formed. Next, 
free phages were added onto the surface. Electrostatic interactions pulled 
a large number of free phages close to the polylysine surface, forming a 
thin layer of highly concentrated phages overlapped with the free-
polylysine layer. In this overlapped layer, phages with a relative high local 
concentration formed a cholesteric phase and were cross-linked by free 
polylysine leading to parallel phage-polylysine bundles on the surface. 
Therefore, the parallel bundles observed under SEM were actually phage-
polylysine complexes. In this study, we found that the surface of the phage 
film generated with a high concentration of phage (1014 pfu/ml) exhibited 
deeper grooves, bigger bundles and a more ordered pattern than those 
generated from a lower concentration (1012 pfu/ml). First, it is clear that at 
a higher concentration, a greater amount of phages were cross-linked by 
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polylysine on the surface, resulting in larger bundles. Second, grooves 
were formed between the phage bundles, so deeper grooves 
corresponded with larger phage bundles induced by a higher phage 
concentration. Third, with an increasing concentration, phages were 
exhibited from the isotropic phase to the cholesteric phase. Therefore, 
phages with a high concentration were more parallel and ordered than at a 
lower concentration and phage bundles from a high concentration were 
correspondingly more parallel and ordered.  
As we know, cellular morphology depends on both surface 
topography and chemistry of the scaffolds they live on. In our work, the 
surface topography of the formed phage films was controlled by the phage 
concentration; while the surface chemistry was determined by the 
particular peptide displayed on phage surfaces. Therefore, we can control 
the morphology of resident MSCs on phage film in our genetically 
programmable phage involved substrate system by varying phage 
concentrations and displayed peptides: 
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1) In our work, MSCs were found to be significantly stretched and 
aligned along parallel phage bundles (Figure 5.2, 5.3, 5.6 and 5.7) 
leading to linear cellular shapes. This phenomenon of the 
orientation and alignment of cells on a micro-groove-like pattern is 
usually known as contact guidance. Since contact guidance was 
first discovered around 60 years ago, it has been intensively 
studied to gain a better understanding of its mechanism. Several 
possibilities have been proposed including the selective distribution 
of ECM proteins on the surface, the formation of focal adhesion and 
the aggravation and alignment of the cytoskeleton (F-actin and 
microtubule). As we know, ECM proteins usually serve as a carpet 
for helping cells to adhere and spread onto substrates [245, 246]. 
The selective distribution of ECM protein aggregates can induce 
changes in cell morphology and orientation. On our phage films, 
most of the ECM protein aggregates were found solely attached to 
phage bundles, which induced the elongation of resident MSCs 
along these phage bundles. Since the phage film generated with a 
high concentration of phage (1014 pfu/ml) exhibited deeper grooves, 
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bigger bundles and a more ordered pattern than those generated 
from a lower concentration (1012 pfu/ml), the distribution of ECM 
proteins on it showed a more unevenly ordered pattern resulting in 
better ordering and alignment of resident MSCs. In addition, the 
investigation of the influence of groove-depth on contact guidance 
has also revealed that deeper grooves could induce higher cellular 
orientation. Therefore, the building phage concentration could 
determine the depth of surface grooves and the degree of ordering 
of phage bundles, both of which could further determine the degree 
of elongation and alignment of resident MSCs.  
2) MSCs seeded on the PD-phage film had more filopodia and were 
more spread out than cells attached on to the WT-phage film or 
YG-phage film (Figure 5.6 and 5.7). PD-phage was more negatively 
charged than WT-phage and YG-phage verified from their 
respective zeta potentials which were determined to be -35mv (PD-
phage), -27mv (WT-phage), and -26mv (YG-phage). On the more 
negatively charged PD-phage film, resident MSCs maintained a 
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stand-off position from the substrate supported by numerous 
filopodia (Figure 5.7a) which agrees with other reports. Since 
filopodia only attached to the sidewalls of phage bundles 
(supporting information), in order to obtain more supporting points 
from the substrate, MSCs had to send out more filopodia onto 
neighboring phage bundles which forced cells to spread across 
several bundles. For lesser charged WT- and YG-phage films, each 
MSC could sufficiently attach and align along only one or two 
phage bundles leading to a spindle-like morphology and fewer 
filopodia (Figure 5.7b). Therefore, the displayed peptide could 
determine the surface chemistry of phage film, which could further 
affect the cellular morphology. 
In our experiment, the growth rate of the MSCs on phage films 
depended on both the building-phage concentration as well as the fused 
functional peptides (Figure 5.8). As the concentration of building-phages 
increased (control, 1012pfu/ml, 1013pfu/ml and 1014pfu/ml), the growth rate 
of resident MSCs decreased (Figure 5.8a). This decrease of proliferation 
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rate is in agreement with the literature. Specifically, with a microtextured 
surface, our phage films could restrict cell spreading in one direction, 
change cell morphology and arrest the cell cycle, resulting in a decrease 
of proliferation rate of resident MSCs against control MSCs. As previously 
mentioned, the phage film generated with a high concentration of phage 
(1014 pfu/ml) exhibited deeper grooves and bigger bundles than those 
generated from a lower concentration (1012 pfu/ml). And these deeper 
grooves and larger bundles could create a higher level of restriction of cell 
spreading in one direction leading to a lower growth rate of resident cells. 
Therefore, we could conveniently regulate the cell proliferate rate by 
varying the building-phage concentration in this phage template system. 
Besides building-phage concentration, fused functional peptides could 
also affect the cellular growth rate. We found that MSCs on the YG-phage 
film grew faster than on WT- or PD-phage films. The YGFGG peptide is 
the functional domain of the OGP peptide which typically promotes the 
growth of osteoblastic, fibroblastic and bone marrow stromal cells. It is not 
surprising that the YG-phage film could accelerate the growth rate of 
resident MSCs compared with WT- and PD-phage films. 
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In this work, phage films were able to accelerate the differentiation 
of resident MSCs towards osteoblast cells which was possibly due to the 
contact guidance of phage bundles. As we know, when stem cells are 
busy adhering and growing, their other functions such as differentiation 
are expected to be depressed; whereas in a stressing condition, they tend 
to differentiate into a specific lineage to accommodate this stress. Physical 
stresses from the substrate morphology and topography are able to 
enhance the differentiation ability of stem cells into a specific cell lineage 
[247-250]. Yim et al. found that contact guidance can accelerate the 
differentiation of MSCs on the micro-grooved surface, and the promotion 
was directly proportional to the degree of contact guidance. Our findings 
are consistent with the above previous conclusions that: control MSCs on 
plastic plates grew faster but differentiate slower; while MSCs on phage 
films grew slower but differentiated into osteoblast cells faster.  
The potential advantages of using phage as building blots are the 
control of their surface chemistry via genetic modifications. This property 
can offer further promising opportunities for the study of tissue generation 
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and cell differentiation niches. Different cellular behaviors were observed 
in resident MSCs attached on phage films assembled from WT-phage and 
engineered phages, which are summarized in table 1. Two specific 
differences could be found: 1) MSCs seeded on the PD-phage film had 
more filopodia and were spread out more than cells attached on to the 
WT-phage film or YG-phage film; 2) MSCs on the YG-phage film grew 
faster than on either the WT- or PD-phage films. As previously mentioned, 
the sidewall of the phage is composed of 2700 copies of pVIII proteins, so 
the surface chemistry of the phage is completely dependend on the 
solution-exposed domain of the pVIII protein. Displaying PdpLeprrevce 
peptides (containing negatively charged 1 Asp and 3 Glu) onto the 
solution-exposed domains of its 2700 copies of pVIII protein, makes PD-
phage more anionic than both WT-phage and YG-phage (displaying 
YGFGG peptide). The surface chemistry difference has also been verified 
from their respective zeta potentials which were determined to be -35mv 
(PD-phage), -27mv (WT-phage), and -26mv (YG-phage). On the more 
negatively charged PD-phage film, resident MSCs maintained a stand-off 
position from the substrate supported by numerous filopodia (Figure 5.7a) 
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which agrees with other reports. Since filopodia only attached to the 
sidewalls of phage bundles, in order to obtain more supporting points from 
the substrate, MSCs had to send out more filopodia onto neighboring 
phage bundles which forced cells to spread across several bundles. For 
lesser charged WT- and YG-phage films, each MSC could sufficiently 
attach and align along only one or two phage bundles leading to a spindle-
like morphology and fewer filopodia (Figure 5.7b). The YGFGG peptide is 
the functional domain of the OGP peptide which typically promotes the 
growth of osteoblastic, fibroblastic and bone marrow stromal cells. It is not 
surprising that the YG-phage film could accelerate the growth rate of 
resident MSCs compared with WT- and PD-phage films. However, the 
growth rate of MSCs on the YG-phage film was still lower than cells on 
polypropylene, the positive control. This suggests that even with cell 
growth peptide, cells on phage films still grow slower than on traditional 
polypropylene plates. No significant difference in OCN and OPN 
expression was observed between the MSCs on the WT-phage film and 
PD-phage film under osteogenic media (Figure 5.9 e and f). We’ll import 
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more peptides into this system to study cell differentiation niches in the 
future studies. 
5.5.   Conclusion 
We employed wild type and genetically engineered M13 phages to 
form films for supporting MSC proliferation and differentiation. M13 phage 
films can not only be employed as 2-dimensional scaffolds for MSC 
proliferation and differentiation but also as an ideal model for the study of 
tissue generation and cell differentiation niches. These films are ideal for 
the following reasons: 1) cells can grow on phage films; 2) the phage film 
is able to induce contact guidance; 3) the surface topography is 
controllable by using different concentrations of phage; 4) the surface 
chemistry such as surface charges, can be programmed through genetic 
modifications; 5) introducing functional peptides like OGP into the 
substrate film is easy to achieve, providing a facile approach for studying 
cell differentiation niches. As for in vitro cell culturing, cellular morphology, 
proliferation and differentiation are the two main factors that affect are 
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surface topography and surface chemistry. Both of them could be 












Chapter 6        Novel Colloidal Crystals Self-Assembled from Rodlike 
Bacterial Pili Particles 
6.1.   Introduction 
Colloidal crystals are three-dimensional (3D) periodic arrays self-
assembled from colloidal particles in suspension. They have important 
applications in the synthesis of ordered nanostructures and production of 
light elements, especially photonic crystals [251]. Besides those 
applications, they serve as a particularly attractive experimental system for 
fundamental studies of crystal growth [252]. Up to now, most fabricated 
colloidal crystals were assembled from spherical colloidal particles [253]. 
So far, no rodlike colloidal particles have been used for the formation of 
colloidal crystals. However, in nature, some rodlike molecules such as 
actin-filaments in muscle cells self-assemble to perform important 
functions [254]. Here, we report the self-assembly of rodlike type 1 
bacterial pili particles into colloidal crystals and their use in biotemplated 
nanomaterials synthesis.  
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Type 1 bacterial pilus is a rigid, straight, naturally occurring protein 
nanorod (6-7 nm wide and 1-2 µm long) that can be detached from 
bacterial cells [79]. It is helically assembled from more than 3000 copies of 
protein subunit called fimA with 27 subunits in 8 turns. It has an anionic 
surface with isoelectric point of 3.92 [87]. Its biological function is to assist 
the adhesion of bacteria to solid surface. Although self-assembly behavior 
of pili was observed occasionally long time ago [87], 3D crystals made of 
multiple layers of pili have never been reported. Herein, we report a 
reproducible approach to the formation of colloidal crystals from rodlike 
type 1 bacterial pili by varying the chemical compositions and 






Figure 6.1 Self-assembly of pili into 1D bundles, 2D lattices and 3D 
crystals. a) TEM image and 3D model (modified from [79]) of pili. b) Pilus. 
c) pili bundles. d) double-layered pili lattice. The neighboring layers of pili 
have a fixed angle of 42º. e) A 4-layered  pili crystal. A green layer of 
parallel pili was formed, followed by the assembly of a yellow layer of pili 
on top of the green layer with a twist angle of 42º. After that, a blue and 
red layer are deposited in turn on top of the yellow layer and blue layer 
with the neighboring layer twisted at the same angle of 42º, resulting in the 
formation of a 4-layered crystal. Inducing agents include (1) >160mM 
hexamethylenediamine; (2) 80mM hexamethylenediamine; (3) 80mM 




6.2.   Experiments, Results, and Discussion 
In order to induce the self-assembly, pili solution was diluted to a 
concentration of OD280=0.25 in specific aqueous solutions (Table 6.1) and 
allowed for incubation at 4 ℃. In the presence of a high concentration of 
hexamethylenediamine molecules (>160 mM), pili solution became cloudy 
within 1 h because pili were self-assembled into bundle structures in which 
pili were parallel aligned (Figure 6.1c and 6.2a). After pili were incubated 
in a lower concentration (80 mM) of hexamethylenediamine, the solution 
was clear in the first 2 days and became cloudy after 3 days, suggesting 
pili slowly self-assembled into large aggregates. On day 7, precipitates 
appeared in the solution, indicating a continuous growth of pili assemblies. 
TEM examination revealed the formation of double-layered pili lattices 
which were made up of two twisted individual layers. Each layer is made 
of parallel pili and pili from the two adjacent layers are at a fixed angle of 
42o (Figure 6.1d and 6.2b). The center-to-center distance between the 
neighboring pili in the same layer was about 13 nm.  
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In the presence of 80 mM pimelic acid, the pili solution stayed clear 
until day 6. After day 6, the solution became cloudy and small precipitates 
appeared due to the formation of highly ordered pili crystals (Figure 6.1e 
and 6.2c). The colloidal crystals were made up of at least 4 alternately 
twisted layers of parallel pili with the neighboring layers having a fixed 
angle of 42º (Figure 6.1e and 6.2d). This highly ordered crystal structure, 
made of vertically stacked layers of pili with a twist angle of 42º between 
neighboring layers, could be verified by the 2D fast Fourier transform (2D-
FFT) image (Figure 6.2c-d). In a 5-layered lattice, the angle between the 
direction of pili in layer 1 and the direction of pili in layer 5 is only about 12º 
which makes them almost overlapped in TEM images. Therefore, when 
the number of layers is more than 4 in pili crystals, it is difficult to identify 
the number of layers by simply using 2D TEM imaging (Figure 6.2d). But 
FFT image can be used to identify the number of pili layers. The FFT 
image (inset in Figure 6.2d) shows a total of 17 layers of pili in the crystal 




Figure 6.2  TEM images of pili assemblies. a) bundles. b) A double-
layered lattice with a fixed twist angle of 42º between two layers. c) A 4-
layered crystal. FFT (inset) of selected area confirms the highly ordered 
structure and the twist angle between neighboring layers. d) A 17-layered 
pili crystal. FFT (inset) confirms there are 17 layers of pili in the crystal 
with fixed twist angle of 42º between adjacent layers. The spot 
corresponding to each layer is marked in the 2D-FFT image.  
 
Our work shows that the careful choice of inducers in the pili 
solution can control the self-assembled nanostructures (Table 6.1). First, 
we found pili could self-assemble only in the presence of Mg2+, 
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hexamethylenediamine, pimelic acid or 1,3-propanedisulfonic acid, but 
could not in the presence of other species we tested (Table 6.1). Besides 
Mg2+, those successful assembly-inducers have either positively or 
negatively charged two distal ends connected by a long central carbon 
chain. Molecules with two neutral ends (1,4-bis(2-hydroxyethyl)piperazine) 
or with one neutral end and one negative end (HEPES) or even with one 
positive end and one negative end (6-aminocaproic acid) could not induce 
the assembly of pili. These facts suggest that only molecules with the 
same charges on both sides could induce the assembly of pili. Second, 
the concentrations of the inducers in pili solutions could control whether 
the self-assembled nanostructures to be 1D bundles, 2D lattices or 3D 
crystals. High concentration of multivalent positively charged inducers 
(Mg2+ and hexamethylenediamine) could induce the self-assembly of pili 
into bundles very fast by electrostatic interactions (within 1 h). Double-
layered pili lattices were formed in a 80 mM hexamethylenediamine 
solution after a longer incubation (3 days). Here, only with a proper 
concentration, hexamethylenediamine could induce the formation of 
double-layered pili lattices. If the concentration was too high, only bundles 
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were produced; and if the concentration was too low, no assemblies were 
observed. Therefore, we believe the formation of double-layered pili 
lattices resulted from the addition of a proper amount of divalent positively 
charged long-chain ions which slowly and loosely cross-linked the anionic 
pili from neighboring layers (3 days). Such mechanisms were consistent 
with those in the assembly of F-actins [255].  
Multi-layered 3D pili crystals could never be induced in 
hexamethylenediamine solution no matter how long we incubated the 
system or what concentration we used. They were formed in the presence 
of either 80 mM pimelic acid (7 days) or 80 mM 1,3-propanedisulfonic acid 
(20 days) (Table 6.1), both of which have negative charges (-COOH/-
SO3H) at two distal ends of the inducer molecules. These inducer 
molecules could not electrostatically attract pili like hexamethylenediamine. 
Instead, they slowly precipitated pili by a combination of possible activities 
such as competition with pili for water, hydrophobic exclusion of pili and 
lowering the solution dielectric constant [256]. Since they couldn’t interact 
with pili directly, the nucleation and growth of pili crystals were relatively 
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slower. Compared to 1,3-propanedisulfonic acid, pimelic acid has a better 
precipitating efficiency, so the growth rate of pili in its solution (7 days) 
was faster than in 1,3-propanedisulfonic acid solution (20 days). To the 
best of our knowledge, these two reagents have never been used in 
inducing colloidal crystals before.  
We also found pili crystals grew in a layer-by-layer fashion [257] 
through 2D nucleation on surfaces (Figure 6.3a). This 2D nucleation 
strongly slowed the rate at which crystal growth occurred [258]. Pili could 
still be crystallized into crystals with M13 phage as a contaminant (Figure 
6.3b) which have similar diameter (7 nm) and length (1µm) as pili. This 
fact suggested that there were specific interactions between neighboring 
pili layers which make them recognizable with each other and the 
presence of M13 phage could not disturb the assembly of pili into 3D 
crystals. In order to test the importance of molecular recognition between 
pili in the process of crystallization, bacterial flagella and M13 phages 
which do not have recognition between themselves were incubated under 
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the same condition. As expected, no crystals were formed from flagella or 
M13 phages (Figure 6.3c and d).  
 
 
Figure 6.3   a) Evidence showing that the crystallization of pili took place in 
a layer-by-layer fashion. b) Pili were crystallized into crystals with M13 
phage as a contaminant. c) Bacterial flagella after incubation in 80 mM 




We believe the molecular recognition driving the formation of the 
pili crystals arises from the molecular structures of pili. On each pilus, 
there are a set of alternating ridges and grooves with a pitch angle of 21º 
(Figure 6.5a). When pili self-assemble with each other, the ridges of pilus 
A must make an interlocking fit into corresponding grooves of pilus B. And 
this can happen only when pili A and B are at an angle of 2×21º= 42º 
(Figure 6.5b). This angle is same as the twist angle of 42º found in double-
layered lattices or multiple layered crystals. This molecular structure 
based recognition favor the nucleation and growth of pili crystals. The 
molecular structure directed self-assembly was also observed in F-actin 
[259].  
Our study suggests that there are several requirements for the 
synthesis of colloidal crystals from rodlike particles. First, weak but 
specific interactions between rodlike colloidal particles are necessary. 
Otherwise, only bundle structures will be formed instead of highly ordered 
crystals. An example is that phage fibers can only form parallel bundles in 
the presence of same inducers. Second, rodlike particles should be 
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straight and rigid. Phages are semi-flexible and flagella are not straight, so 
they could not form highly ordered structures. Third, special inducer 
molecules are needed (Table 6.1). These requirements can guide us to 
synthesize new colloidal crystals from rodlike colloidal particles. 
Pili bundles, double-layered lattices and multi-layered crystals are 
well-organized biotemplates (Figure 6.2) for nanosynthesis. Here silica 
was selected as a model inorganic nanomaterial for this purpose. 
Specifically, all pili assemblies were fixed in 1% glutaraldehyde solution 
and then 3-aminopropyltriethoxysilane (APTES) and tetraethyl 
orthosilicate (TEOS) were then added in turn under stirring so that silica 
could uniformly be coated onto them [260]. Specifically, APTES (2×10-3 
mmol) was added to fixed pili assemblies solution. The solution was gently 
mixed on a vortex mixer. Then, it was put into an ice-water bath for 3–5 
min. To this solution, TEOS (2.5×10-2 mmol) was added under stirring for 
at least 3 min. The mixed solution in a reaction tube was left in an ice-
water bath for around 15 min or until white precipitates appeared (in 15–
20 min). The reaction tube was then left at room temperature for around 8 
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hours. The products were purified by centrifugation at 4500g for 10 min 
and washed with ethanol and water for several times. Silica-pili hybrid 
nanorods with multi channels, nanorhombuses and nanoflowers were 
produced by using pili bundles, double-layered pili lattice and multi-layered 
pili crystals as templates, respectively (Figure 6.4). Silica coatings were 
confirmed by the energy dispersive X-ray (EDX) analysis (Figure 6.4d). 
The fabricated 2D silica nanorhombuses and 3D silica nanoflower have 
ordered pili lattice inside, which could be easily removed by calcinations 
for further applications. 
Before silica precursors were added, pili assemblies were first fixed 
and cross-linked by glutaraldehyde so that glutaraldehyde molecules 
reacted with amino groups from pili but not carboxyl groups. Therefore, 
the remaining carboxyl groups turned pili surface to be highly negative so 
that APTES could easily absorb onto pili assemblies. The close contact of 
APTES with the pili surface enhances the hydrolysis of APTES to form 
silicic acid, which functions as nuclei for subsequent silica growth [260]. 
After the addition of TEOS, polycondensation of TEOS and the growth of 
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silica will be based on the silica nuclei on the pili surface, ultimately 




Figure 6.4   Silica-pili composites formed by templating silica nucleation on 
pili assemblies. a) Silica coated pili bundles. b) A fragment of a silica 
coated double-layered pili lattice. c) A silica coated multi-layered pili 
crystal. d) SEM image and EDX analysis of composites from c). EDX 
analysis (inset) shows elemental composition of Si and O with a proper 
wt%: O%=49.01%, Si%=33.41%.  
 
 
Table 6.1  Chemical compositions of the aqueous solutions of pili were 
tried for the assembly of pili into 1D 
and 3D multi-layered lattices.
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Figure 6.5  a) Single pilus with a set of alternating ridges and grooves with 
a pitch angle of 21º. b) When crossing angle between pili A and B is 42º, 
the ridges of pilus A can make a reasonable interlocking fit into 
corresponding grooves of pilus B. Images are modified from [79]. 
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6.3.   Conclusions 
In summary, for the first time, we reproducibly generate colloidal 
crystals from rodlike pili particles and demonstrated their use as novel 
biotemplates for the synthesis of inorganic nanomaterials. The pili crystals 
were composed of multi-layers of pili with highly ordered hierarchical 
structures which were precisely controlled by the molecular recognition 
between neighboring pili layers. The pili bundles, double-layered lattices 
and multi-layered pili crystals are free-standing and stable, and could 
serve as templates for the organization and assembly of inorganic 
nanomaterials. The novel inorganic nanomaterials synthesized on these 








Chapter 7 Summary of Results and Future Directions 
7.1. Summary of Results 
In recent years, biological macromolecules have been exploited as 
the most promising templates for the development of novel nanostructures 
and nanomaterials. In the previous chapters, the use of spider silks, 
bacteriophage, and bacterial pili as biological templates for nanosynthesis 
or medical applications are discussed. 
In Chapter 2, 4 and 5, we found spider silks and engineered 
bacteriophage are promising collagen fiber substitutes for the fabrication 
of bone regeneration scaffold. Both of them can interact with nano-scaled 
hydroxyapatite crystals and support the proliferation of resident bone cells.  
Chapter 2 demonstrates that HAP crystals can be nucleated and 
grown on the natural spider dragline silks with a preferred orientation. The 
resultant biomineralized silk may serve as a building block that can be 
assembled into a larger material that has the potential for application as a 
bone implant and tissue engineering scaffold. This work also indicates that 
natural spider silk contains protein domains that can nucleate HAP and 
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the beta sheets in the silk protein can induce the oriented nucleation of 
HAP crystals. We believe that the oriented growth of HAP is a result of silk 
protein-mediated nucleation dominated by crystal plane matching, 
stereochemistry matching, and electrostatic interactions. 
Chapter 4 describes an identification of HAP-binding phages by 
biopanning landscape phage libraries against HAP nanorods. The best 
HAP-binding phage, DSSTPSST-phage, can assemble with HAP 
nanorods into a novel scaffold by freeze-dry method. In the building blots 
of the scaffold, HAP nanorods were aligned and packed by HAP-binding 
phages, mimicking the lowest level of hierarchy of nature bone. This 
scaffold assembled from HAP nanorods and HAP-binding phages could 
efficiently support and promote MSCs seeding and proliferation on it. 
Chapter 5 demonstrates that phage films assembled from wild type 
or genetically engineered M13 phages can support MSC proliferation and 
differentiation. And the M13 phage films are also an ideal model for the 
study of tissue generation and cell differentiation niches. These films are 
ideal for the following reasons: 1) cells can grow on phage films; 2) the 
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phage film is able to induce contact guidance; 3) the surface topography is 
controllable by using different concentrations of phage; 4) the surface 
chemistry such as surface charges, can be programmed through genetic 
modifications; 5) introducing functional peptides like OGP into the 
substrate film is easy to achieve, providing a facile approach for studying 
cell differentiation niches. As for in vitro cell culturing, cellular morphology, 
proliferation and differentiation are the two main factors that affect are 
surface topography and surface chemistry. Both of them could be 
controlled in our genetically programmable phage substrate system. 
Phage display-based biopanning process is a powerful tool for 
identifying target-binding peptides and studying protein-protein 
interactions. Hydroxyapatite-binding and microtubule-binding peptides are 
identified in Chapter 3 and 4 respectively by using landscape phage 
libraries. Microtubule-MAPs interactions were also studied in Chapter 3. 
In Chapter 3, a biopanning of a landscape phage library against the 
purified tubulins was performed to study the interactions between MAPs 
and microtubules. RELIC was applied to align the affinity-selected 
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peptides identified in biopanning with the sequences of different MAPs 
and thus identify the microtubule-binding domains of these MAPs. Based 
on our data, some known microtubule-binding domains are confirmed and 
many new domains on the MAPs are identified, which can play important 
roles in the binding interaction between MAPs and microtubules. 
Chapter 5 describes the generation of colloidal crystals from rodlike 
pili particles and demonstrates their use as novel biotemplates for the 
synthesis of inorganic nanomaterials. The pili crystals are composed of 
multi-layers of pili with highly ordered hierarchical structures which are 
precisely controlled by the molecular recognition between neighboring pili 
layers. The pili bundles, double-layered lattices and multi-layered pili 
crystals are free-standing and stable, and could serve as templates for the 
organization and assembly of inorganic nanomaterials.  
7.2. Future Directions 
7.2.1. Tissue Engineering Scaffold for Bone Regeneration 
An ideal engineered bone scaffold should be biocompatible, 
mimicking natural bone structures, and highly porous. It has appropriate 
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surface chemistry for cellular attachment, differentiation, and proliferation, 
good mechanical properties, and controlled degradation. Hydroxyapatite is 
considered as the best bioceramic for its excellent biocompatibility and the 
ability to enhance cellular adhesion and proliferation. However, it lacks the 
osteoinductivity and chemical cues for bone cell differentiation. A 
biopolymer which can provide both osteoinductivity and chemical cues is 
needed to incorporate with hydroxyapatite to form a bioactive composite 
material. Spider silks and filamentous phages are chosen in my work as 
potential biopolymers because specific designed peptides can be 
genetically displayed on their surfaces. By this way, they can easily induce 
functional peptides into scaffolds which may provide needed 
osteoinductivity and chemical cues. Chapter 2 and 4 describe spider silks 
and phage can bind or nucleate hydroxyapatite to form bioactive 
composite material for cellular adhesion and proliferation. Chapter 5 
shows foreign peptides can be induced into scaffold and effect the 
proliferation and differentiation of resident bone cells. Based on all these 
work, the following work could be performed: (1) displaying specific 
peptides which have osteoinductivity and chemical cues on the 
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phage/spider silk surfaces and allowing these engineered phage/spider 
silks assemble with hydroxyapatite nanorods into a bone scaffold. Bone 
cells can proliferate and differentiate on such scaffold and an animal test 
is also anticipated for bone regeneration. (2) The potential advantages of 
using phage as building blocks are the control of their surface chemistry 
via genetic modifications which may offer further promising opportunities 
for the study of tissue generation and cell differentiation niches. (3) Both 
spider silks and engineered phages can be used to assemble with 
hydroxyapatite crystals for scaffold generation. Such scaffold has both 
good mechanical properties and genetically tunable surfaces which may 
be more promising for being applied into practical applications. 
7.2.2. Phage Display Technique for Protein-Protein Interaction 
Studies. 
Chapter 2 describes how to take advantage of phage display 
technique as a general method to study protein-protein interactions. 
Compared with other methods, it has many advantages: (1) Interacting 
proteins of the target are even not needed to study the interactions. For 
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new proteins, it is always a good way to predict their interacting proteins 
while other methods mentioned above can only passively confirm 
proposed interacting proteins. (2) The selected peptides can provide 
insight into the minimum composition requirements for binding to the 
targets. The size of phage-display-selected binding domains is much 
smaller than the results from traditional biological methods. (3) Phage 
display biopanning is not time-consuming and is cost-effective. The 
biopanning just needs several weeks of experiments and is supported by 
bioinformatics software such as RELIC. The selected peptides against one 
target can be used in the study of all target-interacting proteins. However, 
the identified binding sites based on this way are not experimentally 
confirmed. Follow-up experiments are needed to study such interactions. 
Therefore, a reasonable way for studying protein-protein interactions is to 
use the potential binding sites identified from biopanning process to 
narrow the target binding domains and direct practical experiments.  
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7.2.3. Microtubule-Binding Phages as an Anti-Cancer Drug. 
The microtubule-binding phages identified in Chapter 2 can interact 
with free tubulins just like tau proteins. This interaction can interfere with 
the regular assembly of microtubules in vitro. As we know, a lot of 
microtubule binding molecules can be treated as anti-cancer drugs to kill 
cancer cells by disturbing the regular functions of microtubules in cellular 
mitosis. It is also very possible that our identified tubulin-binding phage 
can be introduced into cancer cells as a drug to interfere with the 
microtubule assembly in vivo. Moreover, double or triple display of 
different peptides on a single phage fiber can also be achieved so that 
microtubule-binding peptides and cancer cell targeting peptides can be 
displayed simultaneously on a single phage. Such phages may specifically 
enter into cancer cells and kill them by disturbing the regular functions of 
microtubules. They are expected to be more powerful than traditional anti-
cancer drugs which will kill both healthy and cancer cells. 
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7.2.4. Pili Colloidal Crystals for the Fabrication of Photonic Crystals. 
Photonic crystals are artificial structures with a periodically varying 
refractive index. The scale of periodicity in the refractive index determines 
the frequency of the electromagnetic waves that can be manipulated. 
Colloidal crystals are a branch of artificial photonic crystals. However, the 
fabrication of three-dimensional photonic crystals at x-ray wavelengths is 
extremely difficult because of the small sizes involved. Only naturally 
occurring structures and biological organisms can provide a scaffold for 
realization of three-dimensional crystals with very small dimensions. The 
synthesized pili colloidal crystals (Chapter 6) have highly ordered 
structures and nano-sized periodicity. If we bury the pili crystals into 
another material such as silica and calcinate pili fibers under a high 
temperature, the remaining silica-air structure will have a periodically 
varying refractive index which may lead to a novel photonic crystal.  
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